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ABSTRACT
In  environm ental d e te c tio n  tech n iq u es  one u t i l i z e s  s p e c tra l 
c h a r a c te r i s t i c s  th a t  a re  r e la te d  to  c o n c e n tra tio n , p re s su re , and 
tem p e ra tu re . A pprop ria te ly  chosen segments o f  a  v ib ra t io n a l  
a b so rp tio n  band can p rov ide tra n sm iss io n  averages over a  l im ite d  
number o f  r o ta t io n a l  l i n e s  f o r  which th e  dependence upon such 
thermodynamic param eters i s  m eaningful.
Here a  medium re s o lu t io n  in f r a r e d  a b so rp tio n  experim ent has 
been perform ed to  examine th ese  r e la t io n s h ip s .  We have measured 
the  a b so rp tio n  in  the  6 .3  /̂ m band o f a  one m eter column o f w ater 
vapor a s  a  fu n c tio n  o f co n ce n tra tio n  ( c ) ,  p re s su re  (p ) ,  and 
tem peratu re  ( t ) .  From the  measured a b so rp tio n  th e  f i r s t  d e r iv a tiv e s  
w ith  re s p e c t  to  c , p , and T a s  w e ll a s  th e  second d e r iv a t iv e s  w ith  
r e s p e c t  to  cc, pp, cp, and pT have been o b ta in ed .
C a lc u la tio n s  based on h igh  re s o lu t io n  d a ta  were used f o r  
com parison. Where th e  tra n sm iss io n  i s  s u f f i c i e n t ly  la rg e  and the 
band p a ss  n o t too narrow , in d iv id u a l r o ta t io n a l  l i n e s  can be used a s  
a  s t a r t i n g  base fo r  th e  c a lc u la t io n .
We used the  l in e  param eters  o f th e  720 s tro n g e s t  r o ta t io n a l  l i n e s  
in  the  band. I f  the absorp tance  i s  l e s s  than  0 .6 , the  measured band 
ab so rp tio n  f i t s  the  c a lc u la te d  value w ith in  10^, th e  s p e c tra l  
a b so rp tio n  f i t s  w ith in  15^» th e  f i r s t  d e r iv a t iv e s  w ith in  20^ and 
th e  second d e r iv a t iv e s ,  depending upon t h e i r  s iz e ,  w ith in  25 -  40%.
xi
C hapter I  In tro d u c tio n
A. Problem P e rsp e c tiv e
The purpose o f th e  in v e s t ig a t io n  p re sen ted  in  t h i s  d is s e r ta t io n  
i s  tw ofold : experim en tal and com pu ta tional. While some te c h n ic a l
d i f f i c u l t i e s  had to  be so lved , on the  whole th e  experim en tal phase 
was r a th e r  s tra ig h tfo rw a rd . I t  c o n s is te d  o f  m easuring the  in f r a r e d  
ab so rp tio n  o f  w ater vapor in  th e  6 .3  /*m band a s  a  fu n c tio n  o f c o n c e n tra tio n , 
p re ssu re  and tem p era tu re . The e x te n t o f  th e  e f f o r t  was co n s id e ra b le  and 
i s  d iscu ssed  in  d e t a i l  in  c h a p te rs  111 and IV. The com putational 
procedure was designed  by Broersma and W a l l s . F o r  th e  6 .3  
band we wished to  o b ta in  the  d e r iv a t iv e  s p e c tra  u s in g  th e  c h a r a c te r i s t i c  
v a lu es  f o r  a s  many r o ta t io n a l  l i n e s  a s  was re a so n a b le . We d e s ire d  to  
show th e  a p p l ic a b i l i ty  o f  th e  th eo ry  w hile o m ittin g  d e t a i l s .  The 
com putational r e s u l t s  ag ree  q u ite  w ell w ith  our experim ent and o th e r  
p u b lish ed  experim en tal work u s in g  ?20 o f  the  approxim ate ly  5OOO 
r o ta t io n a l  l i n e s  in  t h i s  p a r t i c u l a r  w ater vapor band.
For many y e a rs  m ajor e f f o r t s  have been devoted to  in f r a r e d  
in v e s t ig a t io n s .  Q uite re c e n tly  a  new urgency has a r is e n  r e la te d  
to  environm ental remote sen s in g . Since w ater i s  an extrem ely 
im p o rtan t re so u rce , in v e s t ig a to r s  a re  develop ing  methods o f remote 
sen sin g  th a t  w i l l  map vapor c o n c e n tra tio n s  in  th e  tro p o sp h e re .
Remote sensing  i s  only  one o f se v e ra l methods making such 
d e te rm in a tio n s , bu t i t  may u lt im a te ly  prove to  be th e  most 
econom ical.
1
Any method c o n tr ib u tin g  to  th e  knowledge o f atm ospheric dynamics
o r  th e  a c q u is i t io n  o f v a lu ab le  m e te ro lo g ic a l d a ta  should be co n sid ered .
Of th e  tech n iq u es  p re s e n tly  used , remote sensing  o f f e r s  m ajor p o te n t ia l
( 2 )advan tages:
a . The o b se rv a tio n s  a re  talcen rem otely , i . e . ,  no in s tru m e n ta tio n  
needs to  be p laced  in  the  reg io n  o f the  atm osphere to  be measured. 
Remote sen sin g  in s tru m e n ta tio n  i s  u su a lly  au tom atic  and can 
w ith o u t in te r ru p t io n  p rov ide  f u l ly  p rocessed  d a ta  w ith  a  minimum 
o f manpower.
b. I d e a l ly ,  remote sen sin g  p e rm its  th e  measurement o f  th e  
r e le v a n t  p a ram eters  o f  the  atm osphere in  one, two, o r  th re e  
s p a t i a l  d im ensions, and a s  a fu n c tio n  o f tim e. E x c e lle n t 
re s o lu t io n  and c o n tin u ity  o f  d a ta  in  tim e a n d /o r  space a re  in  
p r in c ip le  o b ta in a b le .
c . A broad range o f  pa ram ete rs  and c o n s t i tu e n ts  o f the  atm osphere 
may be sensed . The measurement system  does n o t p e r tu rb  the  
p aram eter being  m easured.
d . The remote sen s in g  measurements tend  to  p rov ide  a  l i n e ,  
a re a  o r  volume in te g r a t io n .  Thus th e  o b se rv a tio n s  a re  more 
re p re s e n ta t iv e  f o r  a c e r ta in  reg io n  o f the medium than those  
by a s in g le  p o in t sen so r.
Of the  th re e  types o f remote sen sin g : a c o u s t ic a l ,  ra d io , and 
o p t i c a l ,  i t  i s  f e l t  by L i t t l e  th a t  o p t ic a l  tech n iq u es  w i l l  e v e n tu a lly  
become dominant in  making measurements in  the  c le a r  atm osphere. This 
i s  based on the  a p p l ic a b i l i ty  o f  th e  many in te r a c t io n s  o f  e lec tro m ag n e tic
waves w ith  th e  c o n s t i tu e n ts  o f  i n t e r e s t .  A f u l l  range o f  sensing
measurements i s  co n cep tu a lly  p ra c t ic a b le ;  r e l a t i v e ly  few measurement
tech n iq u es  have been te s te d  ex p e rim en ta lly . I t  should be emphasized
th a t  much o f th e  d e ta i le d  sp ec tro sc o p ic  in fo rm atio n  needed f o r  remote
sen sin g  i s  n o t a v a i la b le ,  and w i l l  have to  be o b ta in ed  i f  th e  f i e l d
(3)i s  to  advance e f f i c i e n t l y .  This in v e s t ig a t io n  i s  m eaningful s ince
the  range o f the  v a rio u s  thermodynamic param eters  were chosen so as
to  r e f l e c t  the  c o n d itio n s  found in  th e  atm osphere. Furtherm ore, once
the d e r iv a tiv e  s p e c tra ,  w ith  reg a rd  to  c o n c e n tra tio n , p re s su re  and
tem peratu re  a re  o b ta in ed  f o r  a  p a r t i c u la r  c a s e , one should be ab le  to
apply th e se  to  th e  s e t  o f c o n d itio n s  found lo c a l ly .
Of added i n t e r e s t  to  the  m e te ro lo g is t i s  the  problem o f h e a t
t r a n s f e r  in  th e  atm osphere by in f r a r e d  r a d ia t io n .  The ab so rp tio n
bands o f  w ater vapor a re  p a r t i c u la r ly  im p o rtan t because i t s  in f r a r e d
spectrum  c o n s is ts  o f  a la rg e  number o f  w idely spaced l in e s .  The
v ib ra t io n - r o ta t io n  bands w ith  w avelengths up to  10 and th e  6.3//m
band p lay  a  m ajor ro le  in  governing th e  h e a t balance  o f  the  low er 
(4)
atm osphere .
D eriv a tiv e  s p e c tra  a re  a lso  o f v i t a l  im portance in  th e  p a r t i c u la r  
remote sensing  tech n iq u e  by o p t ic a l  c r o s s - c o r r e la t io n  methods.
Here th e  average thermodynamic p ro p e r t ie s  a re  o b ta in ed  by expanding 
the  a b so rp tio n  c o e f f ic ie n t  in  a  T aylor s e r ie s  and e v a lu a tin g  th e  
f lu c tu a t in g  components a s  d e r iv a t iv e s  o f  the  average a b so rp tio n  
c o e f f ic ie n t .  I f  k ( x , t ,V )  i s  the  g e n e ra liz e d  e x t in c t io n  c o e f f ic ie n t ,  
then  th e  l i g h t  in t e n s i ty  in c id e n t  upon a d e te c to r  i s  g iven by th e
u su a l exp ression
= ^ so u rce '
The d e te c te d  s ig n a l thus measures em ission o r  e x tin c t io n  p ro cesses  
a long the  e n t i r e  l in e  o f  s ig h t .  In  a cross-team  arrangem ent the 
d e s ire d  lo c a l  in fo rm ation  i s  r e tr ie v e d  hy co n sid e rin g  the  f lu c tu a t io n  
o f  the  in te g ra te d  d e te c to r  s ig n a l and c o r re la t in g  th e  response o f two 
sen so rs  w ith  in te r s e c t in g  l in e s  o f s ig h t .  In  th e  case o f id e a l 
d e te c to r s ,  t h i s  f lu c tu a t io n  i s  r e la te d  to  the  f lu c tu a t io n  o f the  
e x tin c t io n  c o e f f ic ie n t
k ' = k - <k> = k (c ,p ,T )  -  k (c ,p ,T )  (2 )
a s  caused by a f lu c tu a t io n  ^ in  the  v a rio u s  thermodynamic param eters 
c , p , and T, where &c = c -  c , 6p = P -  p , and = T -  T.
Thus cross-beam  spectroscopy i s  based on the  r e la t io n s h ip  between 
o p t ic a l  and thermodynamic f lu c tu a t io n s .  This can be expressed  as  
a Taylor s e r ie s  expansion o f the  g en era l r e la t io n s h ip  (2 ) around the  
average v a lu es :
k '(c ,p ,T ,V )  = k ' ( x , t , y )  + (3)
+ fpaL- )2k
Thus the d e s ire d  thermodynamic p ro p e r t ie s  can in  p r in c ip le  be 
o b ta ined  by ex p ress in g  the  measured c ro s s -c o r r e la t io n  c o e f f ic ie n t  
in  term s o f th ese  d e r iv a t iv e s .
The techn ique  has been used f o r  s tudy ing  lo c a l  tu rb u len ce
p ro p e r t ie s  in  aerodynamic f l o w s . H e r e  two o p t ic a l  beams which in t e r a c t
w ith  th e  flow  through a b so rp tio n  o r  s c a t te r in g ,  a re  c ro ssed  a t  th e  p o in t
o f i n t e r e s t .  Gross c o r r e la t io n  o f  th e  two d e te c to r  o u tp u t s ig n a ls
y ie ld s  th e  response  from the  reg io n  o f in te r s e c t io n  o f  the  two beams
on ly . This concept h as  a lso  been used in  atm ospheric  airg low  d e te c tio n
in  p a ss iv e  fo rm .'  '
A f u r th e r  concern o f  t h i s  in v e s t ig a t io n  was to  employ a  s p e c tr a l
re s o lu t io n  th a t  would be most u s e fu l to  o th e r  a tm ospheric  re se a rc h .
Extensive h igh  re s o lu t io n  work has been perform ed over a p e rio d
o f y e a rs . And though d a ta  e x i s t s  f o r  only l im ite d  v a lu es  o f  c ,
p , and T, i t  was n o t ou r purpose to  extend t h i s  to  a  b roader range o f
v a lu es  o f  th e se  p a ram ete rs . R ather our concern was to  exp lo re  th e
fundam ental thermodynamic dependence in v o lv in g  a b so rp tio n  and th e  v a rio u s
d e r iv a t iv e s  u s in g  a  sim ple in s tru m en t s e t  f o r  medium re s o lu t io n .
In  th e  f i n a l  a n a ly s is  a l l  d a ta  was degraded to  an e q u iv a le n t band- 
-1
p ass  o f  25 cm , a  v a lu e  co n ta in in g  se v e ra l r o ta t io n a l  l i n e s  b u t 
ex tend ing  only  over a  p a r t  o f the  v ib ra t io n  band. A search  o f  the  
l i t e r a t u r e  confirm s t h i s  a s  a  reaso n ab le  ch o ice . For example, in  
e f f o r t s  made to  determ ine the  r e l a t iv e  hum idity  p r o f i l e  in  the  
tro p o sp h e re , measurements a re  used f o r  which th e  s p e c t r a l  re s o lu t io n  
elem ents a re  narrow in  comparison w ith  th e  t o t a l  l in e  w idth o f  the  
a b so rp tio n  band bu t wide in  comparison w ith  a  s in g le  a b so rp tio n  l in e .^ ^ ^
B. C a lcu la tio n
For a  b a s is  o f comparison w ith  experim en ta l r e s u l t s ,  a  techn ique  
f o r  c a lc u la t in g  in f r a r e d  a b so rp tio n  a s  a  fu n c tio n  o f  p re s su re , 
tem p era tu re , and c o n c e n tra tio n  was d e s ir a b le .  Once th e  techn ique 
was developed, we were only  l im ite d  by the  a v a i l a b i l i t y  o f  r o ta t io n a l  
l in e  p a ram eters  found in  th e  l i t e r a t u r e .  Thus the  r e s u l t s  f o r  many 
v ib ra t io n a l  bands may be o b ta in ed  more q u ick ly  u s in g  the  c a lc u la t io n  
than  changing th e  equipment a s  m ight be n ecessa ry  f o r  d i r e c t  
measurement.
C. Experim ent
For the  most p a r t ,  th e  te c h n ic a l  d i f f i c u l t i e s  which were 
encountered  were n o t new. S im ila r  problem s have been faced  by 
those  who endeavored to  in v e s t ig a te  th e  b eh av io r o f w a ter vapor.
To look a t  the  in f r a r e d  ab so rp tio n  f o r  a  very  narrow range o f 
thermodynamic param ete rs  would have s im p lif ie d  the  problem  
co n sid e rab ly . However t h i s  was n o t a c c e p ta b le ; our main th r u s t  
was to  determ ine th e  d e r iv a t iv e  s p e c tra .
The major p o r tio n  o f  th e se  problem s a r i s e s  because w ater i s  
a  p o la r  m olecule e a s i ly  g iv in g  r i s e  to  c e l l  chamber w all con tam ination . 
T herefore a m ajor e f f o r t  was made to  a c c u ra te ly  determ ine and 
con tinuously  m onitor th e  w ater vapor c o n c e n tra tio n .
Large e r r o r s  in  th e  d e te rm in a tio n  o f th e  vapor co n ce n tra tio n  
plagued e a r ly  in v e s t ig a to r s  whose procedure was to  in tro d u ce  a 
known volume o f d i s t i l l e d  w ater in to  an evacuated
(9)c e l l . The w ater vapor d e n s ity  in  th e  c e l l  was then  c a lc u la te d  
from the  known f r e e  volume o f th e  c e l l .  To vary  the p re ssu re  dry 
a i r  was th en  ad m itted  in to  th e  c e l l .  As shown "by o th e rs  t h i s  
p rocedure produces e r r o r s  as  la rg e  a s  50%.
More r e c e n t ly ,  experim ents perform ed by V aranasi and Prasad^^^^ 
have in d ic a te d  th a t  s a t i s f a c to r y  r e s u l t s  may be ob ta in ed  by connecting  
th e  c e l l  d i r e c t ly  to  a  b o t t le  o f  l iq u id  w ater which i s  m aintained a t  
a  g iven  tem p e ra tu re . This e s ta b lis h e d  th e  p a r t i a l  p re ssu re  o f  the  
w a te r in  th e  c e l l .  S u f f ic ie n t ly  long  tim es were allow ed befo re  a 
s p e c t r a l  scan to  ensure  th a t  th e  w a ter vapor was p ro p e rly  mixed w ith  
th e  b roadening  gas. The c e l l  was then  sea le d  o f f  from the  r e s t  o f 
th e  exp erim en ta l s e t-u p . R e p ro d u c ib ility  was checked by making 
s p e c tr a l  scan s  every  day fo r  two o r  th re e  su ccess iv e  days, th u s  
confirm ing  gas m ixture eq u ilib riu m  in  th e  c e l l .
Cl 1 ^A nother experim en ta l procedure i s  d e sc rib e d  by B enedict e t  a l .
T h e ir mode o f  o p e ra tio n  c o n s is te d  o f  f i r s t  h e a tin g  the  c e l l  to  110 °G 
in  o rd e r  to  avo id  condensa tion , then  f i l l i n g  i t  w ith  steam by 
d isp lacem en t. When reco rd in g  s p e c tra ,  a con tinuous stream  of 
vapor from a  g e n tly  b o il in g  f la s k  o f  d i s t i l l e d  w a te r en te red  a t  one 
end and escaped through the  e x i t  window. Even though the problem 
o f  th e  w all a b so rp tio n  was ap p a ren tly  d im in ished , th e  use o f t h i s  
system  caused a s e r io u s  r e s t r i c t i o n  in  th e  v a lu es  fo r  the  param eters 
c , p , and T. Furtherm ore i t  i s  no t c le a r  what magnitude o f c o n ce n tra tio n  
g ra d ie n ts  may have e x is te d  along  the  in f r a r e d  p a th .
When working w ith  samples o f  pure w ater a lone
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i t  i s  p o ss ib le  to  determ ine th e  ab so rb er co n ce n tra tio n , 
w ith  reaso n ab le  good accuracy , from a  measurement o f  the  vapor 
p re s su re . However, a f t e r  a  gas such a s  n itro g e n  has been added to  
th e  w ater sample th e re  a r i s e s  s e r io u s  doubts a s  to  th e  a c tu a l 
c o n c e n tra tio n  th a t  e x is t s  in  th e  o p t ic a l  p a th . These doubts a r i s e  
n o t only because o f  the  e f f e c t  o f n itro g e n  on th e  p ro cess  o f  w all 
a b so rp tio n -d e so rp tio n  o f w a ter m olecules, bu t a lso  because o f the  
la c k  o f  c e r ta in ty  o f  p ro p er N^-H^O m ixing.
A se r io u s  a ttem p t to  overcome th e se  experim ental com plica tions 
was made by Burch e t  a l  in  1962. The c o n ce n tra tio n  was determ ined
by d i r e c t ly  m easuring the  dew p o in t o f  th e  sample in  the  ab so rp tio n  
c e l l .  This was accom plished by th e  use o f  a  "w ell" made o f a th in  
p iece  o f in co n e l tu b in g , which was c lo sed  on one end and was so ld ered  
to  th e  w a ll o f th e  ab so rp tio n  c e l l ,  p ro je c t in g  in to  the  i n t e r i o r .
E th e r was p u t in to  th e  tube and n itro g e n  was bubbled through  in  
o rd e r  to  coo l i t  u n t i l  condensation  formed on th e  o u ts id e  w a ll o f 
th e  tu b in g , which could  be observed through a window in  th e  ab so rp tio n  
c e l l .  A therm om eter immersed in  th e  e th e r  was used to  determ ine the  
tem pera tu re  a t  which condensation  s t a r t e d .  Burch dem onstrated the  
magnitude o f the  e f f e c t  o f w a ll contam ination  by in je c t in g  a sm all 
amount o f w ater d i r e c t ly  in to  an evacuated  c e l l .  By co n sid e rin g  the  
volume o f th e  ab so rp tio n  c e l l ,  i t  was p o s s ib le  to  c a lc u la te  the  p re ssu re  
th a t  could be expected  from a known q u a n ti ty  o f l iq u id  w ater i f  one 
assumed th a t  a l l  th e  w ater went in to  th e  vapor phase and none were 
absorbed on th e  c e l l  w a lls . In  most ca se s  they found th a t  the
gaseous p re s su re s  were only 40 to  60 p e rcen t a s  g re a t  a s  the  c a lc u la te d  
v a lu e . This r e s u l t  in d ic a te s  th a t  approxim ately one h a l f  o f the  w ater 
was absorbed on th e  c e l l  w a lls  s in ce  care  was taken  to  avoid condensation . 
I f  th e  sample was l e f t  in  th e  c e l l ,  the  p re ssu re  was found to  decrease  
g rad u a lly  f o r  a  few hou rs , th u s  in d ic a t in g  th a t  more ab so rp tio n  was 
o ccu rrin g . V arious c o a tin g s  on th e  i n t e r i o r  o f the  c e l l  were t r i e d  
in  an a ttem p t to  d im in ish  t h i s  problem . None seemed to  change 
s ig n if ic a n t ly  th e  amount o f w ater absorbed; however, more tim e was 
re q u ire d  to  "o u t-g as"  th e  system.
Another method o f  de term in ing  ab so rb er mass was used by I z a t t
(13 )e t  a l .  Subsequent to  each s p e c tra l  scan, th e  w ater which had been
In troduced  in to  th e  c e l l  f o r  th e  scan was c o lle c te d  in  a l iq u id  Ng 
co ld  tra p  and weighed. This method might have some advantages, however 
no mention was made concern ing  a  comparison between th e  amount o f 
sample in je c te d  and th a t  recovered . This form o f o p e ra tio n  would 
n o t be advantageous in  ou r experim en tal se t-u p .
With th e  o p e ra tio n a l d i f f i c u l t i e s  o f  m easuring w ater vapor c le a r ly  
in  mind, our method i s  now s c ru tin iz e d . F i r s t  o f  a l l ,  as  much a s  p o s s ib le  
the  e s s e n t ia l  components o f  our system were c o n stru c te d  o f s ta in le s s  
s te e l  which has r e l a t iv e ly  low w a te r ab so rp tio n  p ro p e r t ie s .
At th e  h e a r t  o f the  system i s  a  dew p o in t hygrom eter w ith  
au tom atic  re a d -o u t which p ro v id es  continuous m onitoring and does 
n o t p e r tu rb  the  vapor co n cen tra tio n  in  the  o p t ic a l  p a th . This i s  
because the hygrom eter may sample th e  gas e i th e r  a t  th e  c e l l  en trance  
o r  e x i t .  I t  judges condensation  on a cooled m irro r w ith  a  photo
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e l e c t r i c  d ev ice .
The co n ce n tra tio n  g ra d ie n ts  a t  v a r io u s  p o s i t io n s  in  th e  in f r a r e d  
p a th  were checked by means o f  a  s e r ie s  o f  h y g r is to r s .  This i n i t i a l  
in v e s t ig a t io n  e s ta b lis h e d  th a t  e r r o r s  in tro d u ced  because o f  g ra d ie n ts  
had l i t t l e  consequence.
In  the  modes o f o p e ra tio n  in  which a  given amount o f w a ter i s  
in je c te d  in to  th e  c e l l  o r  th e  c e l l  i s  connected d i r e c t ly  to  a  b o t t l e  
o f  w a ter, one m ajor d isadvan tage  i s  the  long  le a d  tim e re q u ire d  f o r  
w all a b so rp tio n -d e so rp tio n  e q u ilib riu m  to  be e s ta b l is h e d . I f  one 
d e s i r e s  a  la rg e  number o f  measurements, t h i s  tim e lo s s  becomes a 
s u b s ta n t ia l  h in d ran ce . This p lu s  the  added burden o f  the  long  
con tinuous o p e ra tio n  o f  the  equipment in  o rd e r to  s ta b l iz e  th e  o th e r  
thermodynamic param eters  rendered  t h i s  s o lu tio n  im p ra c tic a l in  our 
experim ent. I t  was im portan t th a t  we c u t a l l  le a d  tim es f o r  thermodynamic 
e q u i l ib r i a  to  a minimum. For c o n ce n tra tio n  e q u ilib riu m  t h i s  was 
accom plished by th e  vapor c ro ss-flo w  system . The e s ta b lish m e n t o f  
p re s su re  and tem peratu re  e q u i l ib r ia  a re  l e s s  com plicated  than  th a t  
o f  the  c o n c e n tra tio n . The d e t a i l s  o f  th e  experim ent a re  given in  
c h a p te r  I I I .
C hapter I I  C a lcu la tio n
A, In tro d u c tio n
We now co n sid e r a  method o f  c a lc u la t in g  th e  hand ahso rp tance  o f
th e  6 .3  /«m band o f w ater vapor. The w ater m olecule i s  a  non l i n e a r
I / 14tr ia to m lc  m olecule w ith  th re e  normal v ib ra t io n s :  , 'l/^, and i / y
The 6.3/km  band corresponds to  th e  fundam ental v ib ra t io n .
C onsider a  p a r a l l e l  beam o f  r a d ia t io n  w ith  in te n s i ty  1^ p a ss in g  
through a  gaseous medium. 1 /̂ i s  th e  in te n s i ty  p e r  u n i t  frequency 
in te r v a l  a t  wavenumber ^  , I f  l y  i s  the  in c id e n t  i n t e n s i ty  then 
a f t e r  p a ss in g  through an ab so rb e r elem ent du, th e  d ecrease  in  th e  
in te n s i ty  w i l l  be
d ly  = -  k ^ l * /  du (4 )
where ky i s  th e  c o e f f ic ie n t  o f  a b so rp tio n  a t  wavenumber V  . Near 
a  p a r t i c u l a r  l i n e ,  kv i s  n o t c o n s ta n t even over a  sm all ran,^ o f  
T h is occu rs  because th e  in d iv id u a l  r o ta t io n a l  l i n e s  can be r a th e r  
sh arp . Of co u rse , p re ssu re  b roaden ing , which i s  th e  most im p o rtan t 
broadening f a c to r  in  our case , smoothes th e  l in e s .^ ^  I f  eq u atio n  (4 ) 
i s  in te g ra te d  over a  s in g le  l i n e ,  one o b ta in s  th e  t o t a l  change d l  in  
th e  energy o f  th e  beam,
=  j d l ^ d V  =  -  l ^ d u  r  k j , d v  ( 5 )d l
where I 4/ may be co n sid ered  c o n s ta n t over th e  frequency  in te r v a l  o f
th a t  p a r t i c u l a r  l i n e .
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Now we w rite
= -  I^du  J  kydV = -  Slydu (6 )d l  , '
-'a P
where ^
S = jjcyd/t/ (7 )
and S i s  known a s  th e  s tre n g th  o f  th e  l i n e .  I f  e q u a tio n  (6 ) i s  
f u r th e r  in te g ra te d  over a l l  wavenumhers o f th e  v ih r a t io n - r o ta t io n  
hand, th e  s tre n g th  o f th e  e n t i r e  v ib r a t io n a l  t r a n s i t i o n  i s  o b ta in ed .
B. C a lc u la tio n  Method
A method o f  c a lc u la t in g  th e  ab so rp tan ce  o f  v a r io u s  m olecules 
i s  developed by re fe re n c e  1 . This method assumes th a t  v a rio u s  
p a ram ete rs  o f  th e  in d iv id u a l  l i n e s  in  th e  band a re  known. The 
p a ram ete rs  o f  im portance a re  th e  l i n e  s t r e n g th ,  h a lf -w id th  and 
l in e  p o s i t io n s .
In  th e  c a lc u la t io n , th e  l i n e s  a re  a l l  assumed to  have the  
L o ren tz ian  l in e  shape ;
S
( I /-  44)2  +
As a  m a tte r  o f f a c t  th e  exp erim en ta l r e s u l t s  a re  analyzed  on t h i s  
b a s is  and the  S and oC v a lu e s  d e riv e d  w ith  i t .  Here^X. depends on 
th e  mean c o l l i s io n  tim e o f  th e  m olecu les; CK i s  p ro p o r tio n a l to  the  
number o f m olecu les p e r u n i t  volume a s  w e ll a s  p ro p o r tio n a l to  t h e i r  
mean speed . T herefo re  a t  a  p a r t i c u l a r  p re s su re  (p ) and tem pera tu re  ( t )  
we have
P




Since most in f r a r e d  sp ec tro m ete rs  do n o t have s u f f ic ie n t  
re s o lv in g  power, the  a c tu a l  l i n e  shape cannot e a s i ly  be determ ined . 
However, the  in te g ra te d  ab so rp tance  f o r  a  p a r t i c u l a r  l i n e  i s  n ea rly  
independent o f  th e  shape o f th e  band p ass  o f  th e  in s tru m e n t. T herefore 
the  s tre n g th  and w idth o f  th e  l in e  may be c a lc u la te d  from the  observed 
v a lu e s .
R eturn ing  to  th e  method o f th e  c a lc u la t io n ,  th e  fo llo w in g  q u a n t i t ie s  
and t h e i r  thermodynamic dependencies occur;
= l in e  s tre n g th  = C gT "(3 /2 )g -(E i/kT ) (iQ )
oi = h a lf -w id th  = Q%pT  ̂ (11)
u = a b so rb e r mass = C^cpT  ̂ (12)
where c , p and T a re  c o n c e n tra tio n , t o t a l  p re s su re  and tem peratu re  
r e s p e c t iv e ly .  deno tes  th e  energy le v e l  o f th e  low er s ta t e  o f
the  t r a n s i t io n .  C^, and a re  p ro p o r t io n a l i ty  c o n s ta n ts . See 
Appendix I  f o r  a  d is c u s s io n  o f th e  u n i t s  o f  S, <x and u . Because 
e q u a tio n s  ( l o ) ,  ( l l )  and (12) r e p re s e n t  sim ple power law s, the  
dependence upon c , p and T o f  ab so rp tan ce  and i t s  d e r iv a t iv e s  can 
be in d ic a te d  g e n e ra lly .
The c a lc u la t io n  o f th e  ab so rp tance  A ( l / j )#  i . e . ,  th e  f r a c t io n a l  
ab so rp tio n  o ver a  wavenumber in te r v a l  ûVa t  wavenumber JA, i s  g iven by
a2
where w  ̂ = e q u iv a le n t l in e  w idth and a = band p a ss . The sum i s
over a l l  l i n e s  in  the  range /{A -  a to  + a . The f a c to r
(a  -  14/^ -  lA I ) i s  the  t r i a n g u la r  band p a ss  imposed upon the  c a lc u la t io n .
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A "band pass  o f 25 cm  ̂ was used f o r  the  6 .3  /«m Ĥ O band. With th ese
v a lu es  A( becomes
-  625~ ^  Wj|*(25 -  ^ j t )  (14)
The q u a n t i t ie s  S, u and ex. a re  a l l  used in  th e  c a lc u la tio n  o f th e  
eq u iv a len t l in e  w idth w^. The fu n c tio n a l r e la t io n s h ip s  a re  r a th e r  
long and w il l  n o t be reproduced h e re . They may be found in  re fe re n c e  1.
Since the  6 .3 /«m w ater band c o n s is ts  o f unevenly spaced l i n e s ,  the  
c a lc u la t io n  co n sid e rs  e i th e r  th a t  the  l i n e s  a re  w ell sep a ra ted , 
combining t h e i r  c o n tr ib u tio n s  to  th e  ab so rp tio n  and adding a p p ro p ria te  
c o r re c t io n s , o r  th a t  the  l i n e s  a re  c lo se  enough to  be merged in to  an 
e q u iv a le n t l in e  f o r  which th e  a p p ro p ria te  param eters  can be c a lc u la te d .
At T = 287.7  °K and 1 atm osphere p re s su re , the  l in e  param eters 
a re  l i s t e d  in  re fe re n c e  I 6 . In  th e  c a lc u la t io n , th e  720 s tro n g e s t o f 
the  5000 l in e s  were used. L ines w ith  S -values from a msiximum o f 
11,000 cm/gm down to  3 cm/gm (down to 1 cm/gm in  th e  w ings) were 
s e le c te d . F igure 1 shows th e  c a lc u la t io n  o f abso rp tance  f o r  t h i s  
p re ssu re  and tem p era tu re . The va lu es  f o r  th e  ab so rb er masses a re  
l i s t e d .
The d e r iv a t iv e s  o f A a re  found from equation  (13 ) i hence 
invo lve  th e  d e r iv a t iv e s  o f w^. F igu res 2, 3 and 4 show the r e s u l t s  
o f the  c a lc u la te d  f i r s t  d e r iv a t iv e s  , p - | ^ l  , and
, 3 . ,  IacJpT
T - ^ ^ j  . This form f o r  th e  d e r iv a t iv e s  i s  u se fu l in  th a t  y l ^ j
cp
has the same u n i t s  a s  A and a l l  th e  m agnitudes o f the  a b so rp tio n  
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F igure  3> The p a r t i a l  d e r iv a t iv e  o f  th e  ab so rp tan ce  
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F igure  4 . The p a r t i a l  d e r iv a t iv e  o f  th e  ab so rp tan ce  




The second d e r iv a t iv e s  a re  then c a lc u la te d . A convenient 
n o ta tio n  here  i s  xy = x y A ^ . F ig u res  5 through 10 show
th e  c a lc u la te d  d e r iv a t iv e s .
Upon in sp e c tio n  o f a h igh  re s o lu t io n  a b so rp tio n  curve, one f in d s  
th a t  most, a s  w ell a s  the  s tro n g e s t, l i n e s  occur n ear the  band maxima. 
Therefore a s  th e  ab so rb er mass in c re a s e s , tn e  ab so rp tio n  peaks w il l  
be the  f i r s t  lo c a t io n  su b je c t to  com putational u n c e r ta in ty . This i s  
because the  u n c e r ta in ty  in c re a se s  in  th e  merged l in e s  as  th e  number 
o f merged l i n e s  in c re a se s  and a lso  a s  they  in t e r a c t  more s tro n g ly .
In  the wings t h i s  problem i s  n o t a s  s e r io u s  when th e  co n cen tra tio n  
in c re a s e s . The s p e c tra l  re g io n s  where 7 o r more r o ta t io n a l  l in e s  
have been merged a re  denoted by dashed l in e s .
Of p a r t i c u la r  i n t e r e s t  a re  the  re g io n s  where the  tem peratu re  
d e r iv a t iv e  i s  sm all, i . e .  th e  so c a l le d  "c ro ss -o v e r"  p o in ts .  From 
f ig u re  7 we see th a t  t h i s  occurs n ear 1^35 cm and 1800 cm 
In c o n tra s t  to  t h i s ,  f a r th e r  o u t in  the  wings th e re  a re  reg io n s  
where the  tem perature  d e r iv a tiv e s  a re  r e l a t i v e ly  la rg e  compared 
w ith  the  c o n ce n tra tio n  and p re ssu re  d e r iv a t iv e s .
C hapter IV g ives a  comparison o f th ese  c a lc u la te d  r e s u l t s  w ith 
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w ith  re s p e c t  to  c o n c e n tra tio n  and p re s su re
1800 1900













- 0.1  -
- 0 . 2
- 0 .3  -
K
1200  1 3 0 0  1400  1 5 0 0  l o O O  1 7 0 0
F igure  7 . The second p a r t i a l  d e r iv a t iv e  o f  ab so rp tan ce  
w ith  r e s p e c t  to  c o n c e n tra tio n  and tem p era tu re
TMT Ï9ÔÔ 2000
WAVENUMBER ( c m " ^ )
2100
p ( n u n )
760
- 0 . 2
V*
1200 16001300 1400 1500
F igu re  3. The second p a r t i a l  d e r iv a t iv e  o f ah so rp tan ce
2100 22001800 1900
WAVENUT'BER ( c m " '^ )
20001700
ro
with respect to pressure







- 0 . 2
-0 .3
— 0 14
220021001300 1400 1500 1600 1700
F ig u re  9- The second p a r t i a l  d e r iv a t iv e  o f  ab so rp tan ce
20001200








1300 1400 1500 1600 1700
Figure 10, The second p a r t i a l  d e r iv a t iv e  
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C hapter I I I  Experim ent
A. Basic Experim ental A pparatus
The ap p ara tu s  u t i l i z e d  in  t h i s  experim ent i s  an o p t ic a l  ab so rp tio n  
17c e l l  d esc rib ed  by Gann. The c e l l  was f i r s t  designed  and b u i l t  fo r
work in  th e  Vacuum U.V. L a te r  i t  was m odified f o r  in f r a r e d  o p e ra tio n .
1 RA d e s c r ip t io n  o f  t h i s  in s tru m en t o p e ra tio n  f o r  CÔ  i s  g iven by Lysobey.
In  the  b a s ic  mode the in s tru m en t an a ly zes  the  in f r a r e d  s p e c tra l  
absorp tance  o f th e  sample gas. This i s  accom plished by p a ss in g
c o llim a ted  l i g h t  from a  g lo b a r v ia  a  m irro r  through the  g a s . The l i g h t
which i s  chopped a t  th e  source i s  s e n t to  a  McPherson model 218 
scanning monochromator. From th e  e x i t  s l i t  o f  the  monochromator the  
l i g h t  i s  focused  upon a  HgCdTe d e te c to r  which in  tu rn  sends an A.C. 
s ig n a l to  th e  lo c k - in  a m p lif ie r .  A re fe re n c e  A.C. s ig n a l which i s  
produced by th e  same wheel th a t  chopped th e  g lo b a r l i g h t  i s  a lso  sen t 
in to  the lo c k - in .  The r e s u l t in g  B.C. o u tp u t s ig n a l i s  then  fed  through 
a  v o ltag e  d iv id e r  in to  a  s t r i p  c h a r t  re c o rd e r .
Although th e  in s tru m en t had th e  c a p a b i l i ty  o f  o p e ra tin g  in  the
"dynamic" mode (th e  gas sample i s  su b jec te d  to  s in u so id a l p re ssu re  
f lu c tu a t io n s ) ,  t h i s  was n o t a  concern in  the  p re se n t in v e s t ig a t io n .
R eta in in g  o p t ic a l  and e l e c t r i c a l  p a r t s  o f  the  in s tru m en t d esc rib ed  
above, the  new design  was cen te red  around th e  in v e s t ig a t io n  o f  the  
in f r a r e d  a b so rp tio n  s p e c tra  o f  w ater v ap o r-n itro g en  gas m ix tu res . I t  
was necessa ry  to  e lim in a te  the  e f f e c t  o f w a ll con tam ination ; the
26
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a b so rp tlo n -d e so rp tio n  o f  th e  vapor try th e  c o n ta in e r  w a lls  and 
a s s o c ia te d  components. In  o rd e r to  d im in ish  th e se  troublesom e 
problem s a  v a p o r-c ro ss  flow  system  was d esig n ed . Thus unbounded 
a i r  w ith  a  wide v a r ie ty  o f  m e teo ro lo g ica l c o n d itio n s  could  be 
s im u la ted .
I t  I s  Im portan t to  c o n tro l  th e  thermodynamic param eters 
p re s su re  (p ) ,  tem pera tu re  ( t ) ,  and c o n c e n tra tio n  ( c ) ,  and to  be ab le  
to  change any one w ith  r e l a t i v e  e a se . T h is c o n tro l  may be accom plished 
in  a  sim ple way In  a, c lo se d  system  which c o n ta in s  a  gas th a t  does 
n o t contam inate e a s i ly .  However, a l l  th e se  v a r ia b le s  a re  n o t so 
e a s i ly  re g u la te d  sim u ltan eo u sly  when a  gaseous flow  system  I s  
to  be employed.
T herefo re  In  th e  d e s ig n  a  prim e concern was f l e x i b i l i t y .
Of c o u rse , w a ter vapor I s  n o t th e  only  m olecule th a t  o f f e r s  
ha jid llng  d i f f i c u l t i e s .
F igure  11 shows th e  p r in c ip le  o f  th e  newly designed  In s tru m en t.
A w a te r v a p o r-n ltro g en  m ix ture  I s  f i r s t  produced In  a  hum idity  
chamber ( a ) .  The d e s ire d  r e l a t i v e  hum id ity  I s  then  o b ta in ed  by- 
m ixing th e  p re sc r ib e d  r a t i o  (a s  m easured by flow m eters F) o f  th e  
HgO-Ng from the  hum idity  chamber w ith  . Subsequently  the  m ixture 
I s  tra jis p o r te d  th rough  a  c o l l  p laced  In  b a th  (b ) .  The f lu i d  In  t h i s  
tem pera tu re  ba th  I s  c i r c u la te d  th rough a  50 tu rn  c o l l  so ld ered  
around -the s t a i n le s s  s t e e l  chamber w a lls .  Thus therm al e q u ilib riu m  
between th e  gaseous m ix ture  and the  c e l l  chamber I s  e s-tab llsh ed .
The vapor e n te r s  In to  th e  l i g h t  p a th  th rough  a  s - ta ln le ss  s t e e l
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tube o f 1 .2  cm d iam eter by 1 m eter le n g th . This tube which has  80 
o r i f i c e s ,  i s  a lig n e d  p a r a l l e l  to  the  a b so rp tio n  p a th  and i s  matched 
by a s im ila r  p a r a l l e l  e x i t  tube o p p o site  th e  l i g h t  p a th . Two a d d it io n a l  
h o le s  were added n ear the  end o f  each tube in  o rd e r to  reduce end e f f e c t s .  
For u n ifo rm ity  i t  i s  necessa ry  to  have th e  vapor e n te r  on the  one s id e  
and e x i t  on the  o th e r  s id e  o f  th e  o p t ic a l  p a th .
The c o n ce n tra tio n  eq u ilib riu m  in  th e  c e l l  chamber i s  in flu en ced  
by the  d if fu s io n  r a te  o f  the  vapor, a s  w e ll a s  by the  o v e ra l l  convective  
exchange r a t e .  As we w i l l  see , th ese  two r a te s  a re  com parable. In  the  
case o f d i f f u s io n ,  P ic k 's  law may be considered  to  determ ine the  
d if fu s io n  o f  a  p a r t i c u la r  m olecule as  a  fu n c tio n  o f tim e . The so lu tio n  
to  the  one-dim ensional d if fu s io n  eq u ation  y ie ld s
= 2 D 't (15)
where th e  z -a x is  re p re se n ts  th e  d i r e c t io n  o f d if fu s io n , D i s  the  
d if fu s io n  c o n s ta n t and t  i s  t im e .
The d e r iv a tio n  o f  the  above equ atio n  a p p lie s  to  th e  sim ple case o f 
s e l f - d i f f u s io n ;  i . e ,  a l l  m olecules a re  id e n t i c a l .  For th e  more g en era l 
case o f m utual d if fu s io n  where the  m olecules a re  u n lik e , th e  d if fu s io n
c o e f f ic ie n ts  found a re  o f th e  same o rd e r o f  magnitude.
19 2We use th e  experim en tal value (Guglielmo ) o f  D = 0.239 cm /s e c
f o r  w ater vapor d if fu s in g  in to  a i r  a t  8 °C and 1 atm osphere. For our
c e l l  w ith  a  d iam eter o f  12 cm, we f in d  th a t
t  =- z L  -2D 2 ’Ô'.23?"cm27sêc '  ^
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Hence i t  ta k e s  an in te r v a l  o f  th e  o rd e r o f 5 m inutes f o r  the  w ater 
vapor to  d if fu se  a c ro ss  th e  c e l l  once i t  i s  in tro d u ced .
Taking a  ty p ic a l  o p e ra tin g  vapor flow  o f  2 l i t e r /m in .  one f in d s  
th a t  th e  gaseous m ixture i s  co n v ec tiv e ly  exchanged in  time
_ Vol o f  c e l l  _ 10 l i t e r  _ _ .
flow r a te  2 l i t e r /m in .
On the  b a s is  o f these  e s tim a te s  f o r  the  d if fu s io n  and convective  
exchange r a te s  i t  i s  p o s s ib le  to  in d ic a te  the  tim e re q u ire d  f o r  the  
w ater vapor e q u ilib riu m  to  be e s ta b lis h e d  in  the  c e l l  chamber w ith  
the  accuracy re q u ire d . For example, one would l ik e  to  know th e  time 
needed f o r  the  c e l l  c o n ce n tra tio n  to  be w ith in  1% o f  th e  o r ig in a l ly  
produced m ix ture. We co n sid e r th e  co n v ec tive  exchange m om entarily.
Let the  c o n ce n tra tio n  o f th e  incoming m ixture be d e sig n a ted  by 
n^HgO m o le c u le s / l i te r  o f  n itro g e n , w hile in  the  10 l i t e r  c e l l  chamber 
th e re  a re  n-HgO m olecu les / l i t e r .  D efin ing  th e  e x i t  flow  which eq u a ls  
the  en tran ce  flow , by Q l i t e r / s e c ,  we have
l^ 'G e l l  Volume = Q(n^ -  n ) ( l6 )
dn  _ -Q
n -  n C e ll Volumeo
( 17)
This eq u ation  assumes m ixing. This can be considered  to  be s a t i s f i e d  
by the  d if fu s io n  which has th e  same r a te  a s  the  convec tive  exchange.
Using the  ty p ic a l  va lue  o f Q = 2 l i t e r / m i n . ,  a s o lu tio n  to  
eq u ation  17 i s  r e a d ily  o b ta in ed  to  be
n = n ^ ( l -  e (2 / lO ) t)  ( i8 )
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where t  i s  measured in  m inutes. This s o lu tio n  assumes the  boundary 
c o n d itio n  o f  zero  vapor c o n c e n tra tio n  in  th e  c e l l  a t  t  = 0 . T his i s  
more sev ere  than  th e  a c tu a l case where a  HgO-N^ m ixture i s  allow ed to  
f i l l  an evacuated  c e l l .
For n /n^ = 0 .9 9  one f in d s  from (18) th a t  t  =5’lnlOO min. 
T herefore c o n ce n tra tio n  e q u ilib riu m  w i l l  be e s ta b lis h e d  to  w ith in  
Vfo o f  i t s  f i n a l  value w ith in  a  tim e o f  23 m inutes w hile d if fu s e  
mixing a id s  in  th e  p ro c e ss . A co n se rv a tiv e  e s tim a te  would be 
approx im ately  30 m inutes.
Experim ental checks o f  c o n ce n tra tio n  e q u i l ib r ia  a s  w ell a s  o f 
c o n c e n tra tio n  g ra d ie n ts  were made w ith  a s e r i e s  o f  h y g r is to r s  
(hum idity  s e n s i t iv e  r e s i s t i v e  e lem en ts) p laced  a t  s t r a te g ic  lo c a t io n s  
in s id e  the  c e l l  chamber. I t  was indeed  found th a t  30 m inutes was 
s u f f i c i e n t  to  o b ta in  e q u ilib riu m  and th a t  a long  th e  ab so rp tio n  p a th  
uniform  unbounded space was q u ite  w e ll im ita te d .
Care was taken  to  keep th e  tem pera tu re  o f a l l  the  c r i t i c a l  
components o f  the  in s tru m en t above th e  dew p o in t .  Of p a r t i c u l a r  
im portance were the  windows, which d e f in e s  the  c e l l  p a th , s ince  any 
condensa tion  th e re  would In tro d u ce  a s e r io u s  e r r o r  in  the  d a ta . 
T herefo re  h e a tin g  ta p e s  were wound around each end o f th e  c e l l  and 
therm ocouple p robes were p laced  s t r a t e g i c a l ly  a long  the  l i g h t  p a th . 
The therm ocouples were u se fu l not only in  checking the  tem peratu re  
n e a r th e  windows b u t a lso  in  determ in ing  any therm al g ra d ie n ts .
F igure 12 shows the  lo c a t io n  o f  the  therm ocouples f o r  th e  o p t ic a l  
p a th  le n g th  o f  100.5 cm. In  o rd e r  to  o b ta in  a  reaso n ab le  a b so rp tio n
THERMOCOUPLE POSITIONS
D is tan ces  a s  l i s t e d  on each probe 
a re  measured from th e  windows
1
1 L e f t  end window 
11
Probe # 5  — 35 cm
1
—  Probe #  6 — 1 .5  cm
1
j Probe # 7  — 21 cm
1
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F igure  12. Thermocouple p o s i t io n s  w ith in  th e  a b so rp tio n  c e l l
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th e  lo n g e s t o p t ic a l  p a th , com patible w ith  th e  c e l l ,  was chosen.
A c a l ib r a t io n  in  s i t u  was perform ed to  minimize any tem peratu re  
e r r o r s .  F i r s t  th e  therm ocouples were compared to  a  th e rm is to r  probe(w hich 
i t s e l f  had been c a l ib ra te d )  w ith  the  re fe re n c e  therm ocouple ju n c tio n  a t  
77 °K. Taking 33 measurements over a  tem peratu re  range o f  approxim ately  
20 °C to  50 the  therm ocouples read  h igh  a s  compared w ith  th e  o f f i c i a l  
c a l ib r a t io n  w ith  an average d if fe re n c e  o f  I . 9O °C and a s tan d ard  
d e v ia t io n  o f O.3I °C.
T h e re a fte r  39 tem peratu re  read in g s  were taken  over a  range o f 
approxim ately  10 °C to  50 °C w ith  the  re fe re n c e  therm ocouple a t  273 °K. 
These measurements a long  w ith th e  p rev io u s  33 gave a comparison o f the  
re fe re n c e  therm ocouple a t  the  tem p era tu res  o f  77 and 273 Here the  
273 ju n c tio n  y ie ld e d  v a lu es  w ith  an average d if fe re n c e  o f  O .I3 °C and 
a s tan d ard  d e v ia tio n  o f 0.53 °G. We concluded th a t  the  0 °G re fe re n c e  
should be used s in ce  th e  v a lu es  agreed  w ith  th e  c o r re c t  tem peratu re  
to  w ith in  l e s s  than one s tan d ard  d e v ia tio n .
A v i t a l  component o f  the  system i s  th e  dew p o in t hygrom eter (C in  
f ig u re  11 ) which i s  capable o f  con tinuously  m onito ring  the  vapor 
c o n ce n tra tio n  e i th e r  a t  the  c e l l  en tran ce  o r  e x i t .  The d e t a i l s  o f 
th e  hygrom eter a re  g iven  in  s e c tio n  B o f t h i s  c h ap te r.
R e fe rrin g  again  to  f ig u re  11, th e  d e s ire d  o p e ra tin g  c e l l  p re ssu re  
was re g u la te d  by a  vacuum -pressure r e g u la to r  (e ) .  The vapor i s  e je c te d  
from the  system by th e  pump (d) .
The above d e s c r ip tio n  g iv e s  an overview o f the  gaseous flow 
system . I t  was very im p o rtan t to  m ain ta in  c o n tro l o f and p e r io d ic a l ly
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m onitor th e  v a rio u s  param eters  d u ring  th e  in s tru m en t o p e ra tio n .
F u r th e r  d e t a i l s  o f t h i s  o p e ra tio n  which p e r ta in  s p e c i f ic a l ly  to  the  
components added hy u s a re  g iven in  s e c tio n  B.
In  a d d it io n  to  th e  m ajor a d d it io n s  th e re  were a lso  some minor 
changes made th a t  c o n tr ib u te d  to  an improved o v e ra l l  s t a b i l i t y  o f 
th e  in s tru m en t o p e ra tio n . Two o f  th e se  may be mentioned h e re .
F i r s t  o f a l l ,  s e r io u s  i n s t a b i l i t i e s  were observed in  th e  o u tp u t
o f th e  g lo b ar l i g h t  source when powered by th e  se t-u p  p rev io u s ly
used . This power supply was adequate f o r  r e l a t i v e l y  sh o rt ( in  tim e)
d a ta  scan s. However, scans o f th e  6 .3  micron w ater band took
much lo n g e r. T herefore a  H ew lett Packard model 6434B low vo ltag e
re g u la te d  power supply was used. One had the  o p tio n  o f e i th e r  c u rre n t
re g u la tio n  o r  v o ltag e  r e g u la t io n . Since th e  l i g h t  o u tp u t o f the
2
g lo b a r depends on I  R and R was f a i r l y  independent o f  tem pera tu re , 
th e  c u rre n t re g u la t io n  mode was chosen. Thus the  e f f e c t  o f changes 
in  co n tac t r e s is ta n c e  o f  the  g lo b a r mount was sm all. C urren t 
re g u la tio n  was found to  be + 0,002 amp over a  time in te r v a l  o f  4 
hou rs  w ith  a g lo b a r c u r re n t  o f  approxim ately  3*5 amp. O vera ll l i g h t  
s t a b i l i t y  was improved v a s t ly  w ith  the only rem ain ing  unavoidable 
problem  o f g lo b a r ag ing  o r  d e te r io r a t io n .  G enera lly  however, once 
a  g lo b a r  i s  p ro p e rly  i n s t a l l e d ,  I t s  o p e ra tin g  l i f e t im e  su rp asses  
the  tim e re q u ire d  f o r  many d a ta  scans; indeed  a l l  th e  d a ta  in  th i s  
th e s i s  was taken  w ith  one g lo b a r.
In  o rd e r to  s t a b i l i z e  the m echanical chopper frequency , a  
h y s te r e s is  synchronous motor was i n s t a l l e d .  Many minor annoyances
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such a s  motor a lignm ent and. b e l t  te n s io n  had to  be overcome in  o rd e r 
to  produce optimum chopper perform ance. A secondary b e n e f i t  o f  the  
synchronous motor in s t a l l a t i o n  was th e  e lim in a tio n  o f  e l e c t r i c a l  
no ise  which was g enera ted  by the  o ld  type u n iv e rsa l m otor. Thus the  
new motor d id  n o t have to  be e l e c t r i c a l l y  sh ie ld ed  in  o rd e r to  avoid 
in te r fe re n c e  w ith  the e le c t ro n ic s .
B. Major Components o f th e  Water Vapor A pparatus
1. In f ra re d  A bsorption C ell
F igure 13 g iv es  a  c ro s s - s e c t io n a l  view o f th e  chamber showing the  
3" tube , the 5" tu b e , and th e  union v ia  th e  f la n g e s . The end s e c tio n s  
a re  made o f type 30^ s ta in le s s  s t e e l  tu b in g  w ith  0.120" w all th ic k n e ss . 
This w all th ic k n e ss  p e rm itted  some m achining on th e  o u te r  ends so th a t  
s u f f ic ie n t  c lea ran ce  was o b ta ined  when in s e r t in g  th e  u n i t  in to  th e  
in s tru m en t assem bly. Furtherm ore th e  th ic k  w all a id ed  in  the  m echanical 
s t a b i l i t y  o f th e  c e l l  chamber. The c e n te r  s e c tio n  i s  c o n s tru c te d  from 
type 30^ s ta in le s s  s te e l  tu b in g  w ith  0.067" w all th ic k n e ss . A th in n e r  
w all here meant a co n sid e rab le  sav ing  in  the  c e l l  chamber w eigh t.
The c e l l  chamber i s  p ic tu re d  in  f ig u re  14. The f la n g e s  C and D 
were h e l ia rc  welded to  t h e i r  re s p e c tiv e  c e l l  chamber tu b e s . The p o r ts  
f o r  gas tr a n s p o r t  a s  w ell a s  e l e c t r i c a l  feed -th ro u g h  prov ide easy 
a ccess  to  the  c e l l  chamber. F igure 15 shows an expanded view o f  the  
flan g e  union a re a . Here th e  gas en tran ce  and e x i t  p o r ts  a re  shown 
in  g re a te r  d e t a i l .  The c e n te r  s e c tio n  i s  en la rg ed  to  prov ide 
adequate space f o r  the  gas t r a n s p o r t  tu b in g  a long each
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Figure 14 . A bsorption c e l l
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Figure 15. Absorption cell - flange union area
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s id e  o f  th e  o p t ic a l  p a th . T his tu h in g  p ro v id es  f o r  c o n ce n tra tio n  
e s ta b lish m e n t by d if f u s io n  and convec tion . The 0 - r in g  between the  
f la n g e s  p rov ide  a  vacuum s e a l .  A ll components were thoroughly  
c leaned  be fo re  i n s t a l l a t i o n  in  o rd e r to  minimize o u tg ass in g  by 
con tam inan ts.
2 . P roduction  o f  W ater Vapor
Of v i t a l  im portance in  th e  system  i s  a  source o f  co n stan t 
hum idity  from which th e  vapor flow  system  may co n tin u o u sly  draw.
The con tinuous w ithdraw al o f  vapor from the  source meant th a t  a  
dynamic r a th e r  than  a  s t a t i c  hum idity  g e n e ra tin g  dev ice  must be 
employed. Furtherm ore th e  c ap a c ity  o f  the  source must be la rg e  
enough so th a t  f o r  example re p la c in g  humid n itro g e n  w ith  dry  n itro g en  
w i l l  have an in s ig n i f i c a n t  e f f e c t  on i t s  r e l a t i v e  hum id ity .
The o p e ra tin g  range o f  h u m id itie s  must be com patible w ith the 
d e s ire d  c o n c e n tra tio n s  in  th e  experim ent. Also the  p re c is io n  o f 
th e  dev ice must be s u f f i c i e n t  to  produce a  c o n s ta n t hum idity  over 
tim e in te r v a l s  o f  th e  o rd e r  o f  h o u rs . This a id s  in  th e  
in s tru m en t o p e ra tio n  even though an independent hum idity  m onitoring 
dev ice  i s  employed (dew p o in t  hygrom eter).
Based upon the  above c r i t e r i a ,  a  Blue M model VP -  lOOAT -  1 
c o n s ta n t tem pera tu re  and hum idity  chamber (see  equipment l i s t ( 2 ) )  was 
used to  e s ta b l i s h  th e  dew p o in t  and th e  i n i t i a l  tem peratu re  o f  th e  
gas sam ples. F igure  16 shows th e  hum idity  chamber.
F igure  17 shows the  b a s ic  p r in c ip le  o f  o p e ra tio n . D is t i l l e d  
w a ter from an in v e r te d  r e s e r v o i r  b o t t l e  fu rn ish e s  th e  supply c o n ta in e r .
i»0
Figure 1 6, Humidity chamber
Pyrex Ch amber Jar
.Water R e s e rvo ir 
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Blower M o to r
h = w a te r level de pt h = constant
Figure 17. Humidity chamber - principle of operation
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The v e r t i c a l  p o s i t io n  o f th e  r e s e r v o i r  b o t t l e  i s  f ix e d  so th a t  the  
le v e l  o f th e  w a ter in  th e  bottom o f th e  c o n ta in e r  i s  alw ays m ain ta ined . 
The w ater i s  then  tra n s p o r te d  to  th e  c o n d itio n in g  chamber where th e  
value o f h determ ines th e  c o n s ta n t w a te r d ep th . The blow er wheel 
c i r c u la te s  the  humid n itro g e n  o f  th e  c o n d itio n in g  chamber in to  the  
working a re a  d e fin e d  by th e  pyrex chamber j a r .  Wet and dry b u lb  
therm om eters a re  k e p t in  t h i s  a re a  to  a id  in  s e t t i n g  th e  nominal 
v a lu es  o f  r e l a t i v e  hum idity  a s  determ ined  from a  psychrom etric  
t a b l e .
This model hum id ity  chamber has  a  s ta te d  a b i l i t y  to  re g u la te  
the  r e l a t i v e  hum idity  to  +1^ and th e  d ry  b u lb  tem p era tu re  to  + O.5  °G. 
F igure 18 i s  the  range c h a r t  f o r  r e l a t i v e  h u m id itie s  a t ta in a b le  a t  
v a rio u s  dry  bu lb  te m p e ra tu re s . The s ta te d  a re a  i s  o b ta in a b le  u s in g  
+21 °C w ater a s  a  c o o lin g  medium and o p e ra tin g  o ver th e  range o f 
am bient tem p era tu res  o f + 21 °C to  + 2 ?  °C.
An optimum re g u la t io n  i s  o b ta in ed  when th e  dev ice  i s  op era ted  
w ith in  the  s ta te d  a re a  th a t  i s  n o t to o  c lo se  to  th e  o u te r  l im i t s .
The v a lu es  o f wet and dry  b u lb  tem p e ra tu res  were th u s  chosen to  
ach ieve  t h i s  r e g u la t io n .
The method o f  r e g u la t io n  employed by th e  dev ice  in v o lv e s  the  
d i r e c t  c o n tro l o f th e  wet and dry  bu lb  te m p e ra tu re s . There a re  
two such sensing  e lem en ts which depend upon th e  therm al s e n s i t i v i t y  
o f  c e r ta in  f lu i d s .  These elem ents c o n tro l th e  power to  th e  wet and 
dry  bu lb  h e a te rs  through  th e  use o f s i l i c o n  c o n tro l le d  r e c t i f i e r s .















RANGE CHART; BLUE M MODEL VP-lOOAT-1
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Figure 18. Humidity chamber - range of operation
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w ater may be n ecessa ry  a s  a  co o lin g  ag en t to  low er th e  p a r t i a l  
p re ssu re  o f  th e  w a te r in  the  co n d itio n in g  chamber. The wet bu lb  
c i r c u i t  has th e  d u a l fu n c tio n  o f  c o n tro l l in g  h e a tin g  as  w e ll as 
co o lin g . Both th e  wet and dry  bu lb  sen sin g  e lem en ts a re  lo c a te d  
in  th e  chamber working a re a  where the  vapor i s  to  be withdrawn.
S hort term  v a r ia t io n s  o f the  hum id ity , caused by th e  cy c lin g  o f the  
chamber h e a te r s  and c o o le r , i s  e f f e c t iv e ly  damped by w ithdraw ing 
th e  gas sample from th e  bottom o f a  2 l i t e r  b o t t l e  (rB in  f ig u re  19) 
be fo re  i t  i s  t ra n s p o r te d  to  th e  c e l l  chamber. Long term  d r i f t s  o f 
th e  hum idity  in  th e  chamber a re  d im in ished  by c o n tro l l in g  th e  room 
tem peratu re  to  w ith in  1 °C and by c i r c u la t in g  room a i r  through the 
e le c tro n ic  components o f the  chamber.
Dry n itro g e n  i s  fed  from a  c y lin d e r  in to  th e  hum idity  chamber 
through flow  m eter FLl (see  f ig u re  19) (see  equipm ent l i s t  (3))*
Since the chamber g a sk e ts , which a re  around the  bottom  o f th e  
pyrex chamber j a r ,  do n o t com pletely  s e a l  th e  w orking a re a , 
s l i g h t ly  more d ry  n itro g e n  i s  fe d  in to  th e  chamber than  i s  
withdrawn f o r  gas sam ples. T his in s u re s  th a t  room contajninants 
a re  n o t in tro d u ced  in to  th e  vapor flow system .
3 . D eterm ination  o f  Humidity
The d e s ire d  vapor c o n c e n tra tio n  f o r  th e  a b so rp tio n  measurement 
i s  determ ined by p ro p o r tio n in g  th e  flow r a t e s  in  FL2 and FL3 
re s p e c t iv e ly  (see  f ig u r e  1 9 ) .
At th e  h e a r t  o f th e  in s tru m en t i s  th e  dev ice  which determ ines and 







N -  Dry n itro g e n  
R -  P re ssu re  r e g u la to r  
H -  Humidity chamber 
RB- R ese rv o ir b o t t l e
C -  Compressor 
TB- Tem perature b a th  
D -  Dew p o in t hygrom eter 
CC- C e ll chamber
V -  Vacuum pump 
F -  Exhaust fan
G -  P re ssu re  gauge 
B -  B a l la s t  
M -  Manometer
A -  P re ssu re  r e g u la t io n  a m p lif ie r
Figure 19. WATER VAPOR FLOW SYSTEM
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choosing such a  dev ice  were:
1 . Continuous m onitoring  w ith  a  minimum p e r tu rb in g  e f f e c t  on 
sam ple.
2. O peration  a t  p re s su re s  o th e r  than  a tm ospheric .
3. R e p ro d u c ib ility  w ith  n e g l ig ib le  h y s te r e s is .
The EG&G dew p o in t hygrom eter model 880 met th e se  c r i t e r i a  adequate ly  
(see  equipment l i s t  (5))*
The o p e ra tin g  range a s  s ta te d  by the  m anufacturer p ro v id es  f o r  
a  dew p o in t d ep re ss io n  o f  44 °C i f  th e  am bient tem peratu re  i s  2? °C.
The dew p o in t i s  in s e n s i t iv e  to  th e  sample flow  r a t e  over th e  range 
o f 0 .25  l i t e r /m in .  to  2 .5  l i t e r /m in .  The in s tru m en t w i l l  o p e ra te  over 
the  p re ssu re  range o f 2 p s ia  to  60 p s ia .
The b a s ic  design  p r in c ip le  i s  shown in  f ig u re  20. Here the  gas 
sample i s  tra n s p o r te d  through th e  sen so r where i t  p asses  over a cooled 
m etal su rfa c e  (a  h ig h ly  p o lish e d  go ld  p la te d  copper d is c )  so th a t  th e  
gas a t  the  m etal su rfa ce  and th e  m etal have th e  same tem p era tu re . As 
the  m etal i s  c h i l le d  below th e  dew p o in t by a  th e rm o e le c tr ic  " P e l t ie r "  
c o o le r , condensation  w i l l  form on th e  m irro r. W ater d ro p le ts  o r  ic e  
c r y s ta l s  w i l l  con tinue  to  a c c re te  a s  long  as  the  su rface  i s  below th e  
dew p o in t. J u s t  th e  o p p o site  r e s u l t s  f o r  tem p era tu res  above the  dew 
p o in t .  When th e  su rface  i s  a t  th e  dew p o in t tem peratu re  th e  r a te  o f  
condensation  w i l l  be equal to  th e  r a t e  o f  ev ap o ra tio n . T his tem perature  
i s  measured by a  p re c is io n  th e rm is to r  which i s  embedded j u s t  under the  
m irro r su r fa c e . Good therm al c o n ta c t between the  th e rm is to r  and the  
su rface  i s  in su re d  by s o lid ly  embedding i t  in to  a  h igh  therm al
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Figure 20. Dew point hygrometer - principle of operation
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c o n d u c tiv ity  h o ld e r . The e n t i r e  assem bly i s  ad eq u a te ly  in s u la te d  
from i t s  su rround ings so th a t  h e a t lo s s e s  do n o t produce a s ig n i f ic a n t  
e r r o r  in  th e  tem peratu re  re a d in g . The tem p era tu re  o u tp u t o f  the  
hygrom eter was d isp la y ed  on a d i g i t a l  v o ltm e te r , th e  a c tu a l  tem peratu re  
being determ ined  from a c a l ib r a t io n  curve su p p lie d  from th e  m anufactu rer. 
The tem p era tu re  o u tp u t v o lta g e  ranged from 0 -  $0 mv.
L ig h t from a  source i s  d ir e c te d  tow ard th e  m irro r and r e f le c te d  
to  the  p h o to r e s is to r .  The in te n s i ty  o f th e  r e f le c te d  l i g h t  w i l l  be 
d im in ished  by s c a t te r in g  a s  w ater d ro p le ts  a re  form ed. The photo­
r e s i s t o r  forms a branch o f  th e  o p t ic a l  sen s in g  b rid g e  so th a t  the  
r e f le c ta n c e  o f  th e  m irro r i s  sensed . A s ig n a l  from th e  b rid g e  c i r c u i t  i s  
a m p lif ie d  and s e n t  to  th e  power supply  where th e  power d e liv e re d  to  
th e  th e rm o e le c tr ic  c o o le r  i s  c o n tro l le d . T h is o p tic a l- th e rm a l 
feedback  system  m a in ta in s  th e  tem p era tu re  o f  th e  m irro r  su rfa c e  f o r  
a  g iven  value o f  l i g h t  r e f le c ta n c e .  The amount o f  co o lin g  i s  
p ro p o r t io n a l ly  c o n tro l le d  depending upon th e  amount o f  condensate 
on th e  m ir ro r . This a llo w s th e  m ir ro r  to  co n tin u o u sly  t ra c k  th e  dew 
p o in t tem p era tu re  and d e te c t  changes o f l e s s  th an  0.05  °C.
The response  tim e o f  th e  c o o lin g  system , which i s  2 ° c /se c  
maximum, i s  f a s t  enough to  d e te c t  s h o r t  term  v a r ia t io n s  in  the  
c o n c e n tra t io n .
C ontam inants a s  w e ll a s  w ater d ro p le ts  may produce a change in  
th e  in s tru m e n t o u tp u t by changing th e  m irro r r e f le c ta n c e .  Thus 
con tam inants which c o l le c t  on th e  m irro r  su rfa c e  could  be in te r p r e te d  
a s  w a te r . However s in ce  th e  v a r ia t io n  in  th e  re f le c ta n c e  due to
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contam inants does n o t change w ith  tem p era tu re , they  may he compensated 
f o r  hy p ro p e rly  b a lanc ing  th e  b ridge  c i r c u i t .  This procedure w i l l  
s u f f ic e  a s  long  a s  the  amount o f  th e  contam ination  i s  no t e x ce ss iv e , 
o therw ise  th e  su rface  must be c lean ed . Such contam ination  d id  n o t 
p re se n t a  s e r io u s  problem  du rin g  a l l  our d a ta  scan s .
The p o s i t io n  o f the  hygrom eter i s  shown a s  C in  f ig u re  11 and D 
in  f ig u re  19. The m anifold  p e rm its  sam pling the  vapor e i th e r  b e fo re  
o r  a f t e r  passage through th e  c e l l .  The form er a id s  in  making 
ad justm en ts in  th e  hum idity  chamber. The l a t t e r  in d ic a te s  w hether 
vapor lo s s  ta k e s  p lace  in  the  c e l l .  This lo s s  s e t s  an upper l i m i t  on 
th e  c o n ce n tra tio n  a t  th e  p a r t i c u la r  tem peratu re  used.
I t  i s  e s s e n t ia l  th a t  a l l  th e  components a ss o c ia te d  w ith  the  
sam pling m anifold  be k ep t above th e  dew p o in t tem perature  
o f th e  sample. This w i l l  avo id  an erroneous dew p o in t re ad in g . 
Therefore a l l  gas supply l in e s  were e i th e r  ad eq u a te ly  in s u la te d  o r  
housed where th e  tem perature  environm ent could be c o n tro lle d . In  
p a r t i c u la r  th e  hygrom eter sam pling m anifold and the  hygrom eter sen so r 
were p laced  in  a  p le x ig la s  box. S u f f ic ie n t  h e a tin g  tap e  was p laced  
w ith in  to  c o n tro l  th e  tem peratu re  w ith  th e  power to  th e  tape  be ing  
c o n tro lle d  by a v a r ia c .  See f ig u re  21.
T his model hygrom eter makes a  prim ary hum idity  
measurement s in ce  i t  de term ines th e  dew p o in t tem peratu re  d i r e c t l y .
The e r r o r  o f  such a  dev ice  i s  r e l a t i v e ly  sm all. The a c tu a l  e r r o r s  
in  the  dew p o in t a re  im p o rtan t s in ce  t h i s  has a  d i r e c t  b earin g  on 
the  accuracy o f ou r sample c o n c e n tra tio n . The e r r o r s  may be
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F igure  21, Dew P o in t hygrom eter -  gas sam pling m anifo ld
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sep a ra ted  In to  two c a te g o r ie s :  th o se  which occur a t  the  su rface
and those  which invo lve  th e  measurement and d isp la y  o f  the  
tem p era tu re . Some sou rces o f e r r o r  may be l i s t e d  h e re  w ith 
t h e i r  e r r o r s .
Two su rface  e r r o r s ,  the  K elvin e f f e c t  and the  R aoult e f f e c t ,  
a re  o f  the  same o rd e r o f  magnitude (O.O5 °C ). They a re  o p p o site  
in  s ign  b u t may n o t occur s im u ltan eo u sly .
The e r r o r  caused by a  tem peratu re  g ra d ie n t e x is t in g  
between th e  w ater d ro p le t  su rfa ce  and th e  m irro r su rface  
i s  approxim ately  +0.002 °G. This value i s  about tw ice th a t  
expected  from th e  tem peratu re  g ra d ie n t between the  m irro r 
su rface  and th e  th e rm is to r . The th e rm is to r  i t s e l f  in tro d u ce s  
an e r r o r  from s e l f - h e a t in g  o f about + 0 .0?  °C. As mentioned 
p rev io u s ly  the  copper d is c  i s  q u ite  w ell in s u la te d  from 
i t s  su rround ings. N e v e rth e le ss , th e  therm om eter le a d s  cause 
an e r r o r  o f  + 0.001 °C by therm al conduction . A ll th ese  
e r r o r s  a re  f a i r l y  sm all in  com parison to  th e  n ex t th re e .
The e r r o r  due to  the  th e rm is to r  c a l ib r a t io n  l im i ta t io n s  
i s  about + 0 .2  °G. The read o u t c a l ib r a t io n  l im i ta t io n  
e r r o r  i s  s ta te d  a s  + 0 .28  °G w hile  th a t  from the  read o u t 
c a l ib r a t io n  l i n e a r i t y  i s  + O.67 °G.
The extreme e r r o r  expected  may be determ ined from the 
ro o t  mean square o f th e  in d iv id u a l e r r o r s .  This va lue  i s  
+ 0.78 °G.
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4. Thermal C ontrol
The sample gas from the  hum idity  chamber flow s through a  c o i l  o f 
tu b in g  p laced  in  the  l iq u id  tem pera tu re  bath  (B in  f ig u re  11 , TB in  
f ig u re  1 9 ) b e fo re  e n te r in g  th e  sample c e l l  space . L iqu id  from th e  
bath i s  a lso  c ir c u la te d  through copper tu b in g  so ld ered  to  the  o u ts id e  
o f the  c e n te r  se c tio n  o f the  c e l l  chamber w a ll. A ll p a r t s  o f  th e  therm al 
equipment a re  c a re fu l ly  in s u la te d .
T y p ica lly  tem peratu re  e q u ilib r iu m  was e s ta b l is h e d  w ith in  2 hou rs . 
F igure 22 dem onstra tes th e  r a te  o f  e s ta b l is h in g  tem peratu re  e q u ilib riu m  
along  the  o p t ic a l  p a th . R efer to  f ig u re  12 f o r  th e  v a rio u s  p o s i t io n s  
o f the  therm ocouple p ro b es . As was expected  th e  probe n ear th e  window 
lagged behind the  o th e rs  due to  the  therm al mass o f  the  ceram ic tube 
and o th e r  nearby components. P o in t A in  the  f ig u re  shows th e  e f f e c t  
o f ev acuation  on the  tem p era tu re . T his drop in  tem pera tu re  n e a r the  
window was o f  l i t t l e  consequence s in ce  re fe re n c e  s p e c t r a l  scans were 
taken  under evacuated  c o n d itio n s .
The c e l l  tem peratu re  could  be e s ta b l is h e d  below am bient as  w ell 
a s  above. This r e q u ire s  two tem pera tu re  b a th s .
Since a  s e r ie s  o f  s p e c tr a l  scans a t  a  g iven tem pera tu re  re q u ire s  
s ev e ra l hou rs  i t  was im p era tiv e  t h a t  th e  tem pera tu re  c o n t r o l le r  had 
both long  and sh o rt term  s t a b i l i t i e s .  T his demanded th a t  each bath  
had a  s u f f i c i e n t  therm al i n e r t i a  to  smooth o u t any s h o r t  term  
v a r ia t io n  and a lso  c o n tro l sen so rs  w ith  ample s e n s i t i v i t y  to  prov ide
P re ssu re  = 0 .9  Atm
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Figure 22. Absorption cell - temperature equilibrium
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f o r  long term  s t a b i l i t y .  Tem perature g ra d ie n ts  w ith in  each bath  
were reduced by m echanical s t i r r i n g .
For tem p era tu res  above am bient th e  b a th  i s  o p era ted  w ith  h e a tin g  
c o i l s  which a re  re g u la te d  by a p ro p o r tio n a l tem peratu re  c o n t r o l le r .
The r e s u l t in g  re g u la te d  tem pera tu re  was b e t t e r  than  0.1 °G. For 
tem p era tu res  below am bient a  Blue M Cooling U nit model PCC-13A-3 
(see  equipment l i s t  (7 ) )  i s  u sed . By adding a h e a t lo a d , i t  i s  
p o ss ib le  to  o b ta in  an a p p ro p ria te  duty  cycle  and produce a  tem peratu re  
re g u la t io n  in  th e  co ld  b a th  to  b e t t e r  th an  0 .2  °C.
The c e l l  tem pera tu re  i s  checked w ith  s ix  therm ocouples spaced 
along  i t s  le n g th . The tem peratu re  v a r ia t io n  along  the  c e l l  i s  about 
1 °C, w hile f lu c tu a t io n s  in  tim e a t  a  g iven  p o in t a re  0 .1  °C.
5 . P ressu re  R egu la tion
The com pressor (H in  f ig u re  11, C in  f ig u re  19) i s  used f o r  
o p e ra tio n s  above I 3 p s i  and i s  bypassed o th e rw ise . The bellow s type 
com pressor (see  equipment l i s t  (4 ) )  i s  c o n s tru c te d  e n t i r e ly  o f  s t a in le s s  
s t e e l  to  e lim in a te  con tam ination  o f  th e  sample gas. A p re s su re  r e l i e f  
valve i s  s e t  to  r e le a s e  a t  7 p s ig  f o r  p ro te c tio n  o f th e  c e l l  windows.
The c e l l  p re s su re  i s  measured w ith  a  Bourdon tube type gauge 
(see equipment l i s t  ( 8 ) ) .  The p re s su re  i s  re g u la te d  w ith  a  p h o to e le c tr ic  
manometer c o n t r o l le r  (see  equipm ent l i s t  (6 ))  w ith  a  p re c is io n  o f 
0 .2  mm Hg. The c o n t r o l le r  (E in  f ig u re  11 and A in  f ig u re  19) 
a c tu a te s  a  so len o id  valve r e g u la t in g  th e  r a te  a t  which th e  gas i s  
exhausted  th rough  a  vacuum pump.
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6. HgCdTe D etec to r
A HgCdTe d e te c to r  w ith  a  s e n s i t iv e  su rface  a re a  o f approxim ately
2
4 mm was used to  reco rd  the  l i g h t  in te n s i ty  which e x ite d  from the 
monochromator. F igure 23 shows i t s  s p e c tra l  response a s  measured hy 
th e  Santa B arbara Research C enter.
The HgCdTe d e te c to r  (see  equipment l i s t  (9 ))  i s  photoconductive 
and th u s  a  b ia s  v o ltag e  i s  re q u ire d  to  g en era te  the  ou tp u t s ig n a l 
(see  f ig u re  24 ). Because o f th e  low impedance o f th e  d e te c to r ,  a 
tran sfo rm er w ith  a  r a t i o  o f  about 50 was used to  match i t  to  the  high 
impedance in p u t o f the  P rin ce to n  A pplied Research p re a m p lif ie r  (see 
equipment l i s t  (lO )). The e l e c t r i c a l  phase s h i f t  caused by the  
tran sfo rm er i s  compensated by a read justm en t o f the  re fe re n ce  lamp 
p o s i t io n .
A v o ltag e  d iv id e r  c i r c u i t  i s  used between th e  lo c k - in  a m p lif ie r  
and the  s t r i p  c h a r t re c o rd e r  in p u t.
The d e te c to r  i s  designed  f o r  o p e ra tio n  a t  77 °K and i s  housed 
in  a  type 5203 dewar; th u s  i t s  s p a t i a l  o r ie n ta t io n  was p re sc r ib e d . 
This s ty le  dewar re q u ire s  th a t  th e  l i g h t  beam e n te r  the  d e te c to r  
window v e r t i c a l l y .  Two d e te c to r  housing p la te s  were fa b r ic a te d  to  
accomodate t h i s  o r ie n ta t io n .  F igure 25 shows th e  e l l i p t i c a l  m irro r 
mounting p la te  which was s e t  v e r t i c a l ly  in s id e  the  d e te c to r  housing. 
The top p la te  o f the housing , f ig u re  26, i s  co n s tru c ted  so th a t  the 
d e te c to r  can be p o s itio n e d  in  the  p a th  o f  the  e x i t  beam. Since the 
d e te c to r 's  s e n s i t iv e  a re a  i s  f a i r l y  sm all c a re fu l h o r iz o n ta l  and 
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A ll housing components, most o f  which were co n s tru c ted  from 
aluminum, were "black anodized . T his was p re fe r re d  over a  chem ical 
co a tin g  on account o f  p o ss ib le  chem ical vapor con tam ination , 
fu rtherm ore th e  housing was con tinuously  f lu sh e d  w ith  d ry  n itro g en  
during  a l l  d a ta  a c q u is i t io n .  The d e te c to r  housing was l i g h t  t i g h t .  
Also in  o rd e r to  p rev en t any ex traneous l i g h t ,  which tra v e le d  along 
the  o p t ic a l  p a th , from s tr ik in g  the  d e te c to r ,  a  long  wave pass f i l t e r  
was in s t a l l e d  a t  the  e x i t  s l i t  o f  th e  monochromator. The f i l t e r  
which has a  germanium su b s tra te  has a  tran sm iss io n  o f <0.1%  below 
k /»m and >75% in  the  range o f 4 .16  //m to  8 Fi gur e 27 shows the  
f i l t e r  h o ld e r.
7. D etec to r E xtension  Dewar
The in f r a r e d  d e te c to r  was mounted in  a  type 5203 dewar which 
has a very sh o rt l iq u id  n itro g en  ho ld  tim e o f  only about 10 m inutes. 
This meant adding l iq u id  approxim ately  every 5 m inutes. An 
in s tru m en t o p e ra tio n  w ith  t h i s  c o n s ta n t annoyance would have s e r io u s ly  
im paired  d a ta  a c q u is i t io n .
Two s o lu tio n s  were re a d ily  a v a i la b le .  One was th e  in s t a l l a t i o n  
o f  a l iq u id  n itro g e n  le v e l  c o n tro l .  This was u n d e s irab le  p a r t ly  
because o f  the  la rg e  expense in v o lv ed . Secondly a  m in ia tu re  
Joule-Thomson c ry o s ta t  was co n sid ered . This device would have "been 
r a th e r  cumbersome because o f the  la rg e  amounts o f compressed 
re q u ire d ,
T herefore we designed an ex ten s io n  dewar. F igure 28 shows a 
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F igure  28. LIQUID NITROGEN
EXTENSION DEWAR
L iqu id  n itro g e n  from th e  d e te c to r  dewar i s  e je c te d  
through the  p o ly e thy lene  tu b in g  in to  th e  e x ten s io n  
dewar when the  l iq u id  le v e l  in  th e  d e te c to r  dewar 
reach es  p o in t A.
63
were s i lv e r e d  b efo re  ev ac u a tio n . With th e  e x ten s io n  dewar o p e ra tin g  
in  co n ju n c tio n  w ith  th e  d e te c to r  dewar, th e  l i q u id  n itro g e n  hold  tim e 
was in c re a se d  to  approx im ate ly  100 m inu tes. See f ig u r e s  29 and 30 .
In  i t s  o p e ra tin g  p o s i t io n  a  snug 0 - r in g , p la ce d  around the  low er 
neck o f  th e  e x ten s io n  dewar, makes a  s e a l  a g a in s t  th e  d e te c to r  dewar.
A sm all amount o f  s top -cock  g rease  was used to  m ain ta in  t h i s  s e a l .
When f i l l e d  w ith  l iq u id  n i tro g e n  th e  ex ten s io n  dewar p rov ides 
a slow flow  in to  the  d e te c to r  dewar below. The gaseous n itro g e n  
produced in  th e  low er dewar can a t  f i r s t  escape th rough th e  p o ly e thy lene  
tu b in g . When the  l iq u id  le v e l  in  th e  d e te c to r  dewar, a s  i t  i s  be ing  
f i l l e d  up, re ach es  th e  low er end o f  th e  p o ly e th y len e  tu b in g , excess 
l iq u id  n itro g e n  i s  e je c te d  th rough  t h i s  tu b in g  in to  th e  ex ten s io n  
dewar. The o p e ra tin g  le v e l  o f  l i q u id  n itro g e n  in  the  d e te c to r  dewar 
i s  th u s  a u to m a tic a lly  m ain ta ined  a t  t h i s  c o n s ta n t v a lu e . The v e r t i c a l  
p o s i t io n  o f  the  p o ly e th y len e  tu b in g  and th e  0 - r in g  was reproduced f o r  
a l l  d a ta  ru n s .
8. Vapor Flow O perating  Procedure
The fo llo w in g  d is c u s s io n  g iv e s  a  d e ta i le d  d e s c r ip t io n  o f the  
p rocedure used  in  o p e ra tin g  th e  flow  system  m anifo ld  and i s  th e re fo re  
w r i t te n  s te p  by s te p . R efer to  f ig u re  19.
For p ro te c t io n  o f  the  mercury U-tube manometer in  th e  p re ssu re  
c e l l  r e g u la to r ,  stopcock ( l6 )  should rem ain open u n t i l  th e  d e s ire d  
c e l l  p re s su re  i s  n e a r ly  a t ta in e d .
S ta r t in g  w ith  a l l  v a lv es  c lo se d , open valve ( i )  and s e t  the  
p re s su re  r e g u la to r  on th e  c y lin d e r  to  20 p s ig . Subsequently  open
Figure 29. L iqu id  n itro g en  ex ten sio n  dewar
Figure 30. L iquid n itro g en  ex ten sio n  dewar in  i t s  o p era tin g  p o s it io n
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needle valve (4 ) com pletely  and then  open valve (2 ) . A djust need le  
valve (3) f o r  th e  d e s ire d  t o t a l  flow  o f  n itro g e n  a s  measured by the  
flow m eter FLi. Turn on th e  exhaust fan  ( f )  which ex h au s ts  th e  c e l l  
to  o u ts id e  th e  b u ild in g . Next tu rn  on th e  vacuum pump ( v ) .  Open 
exhaust valve (20); a llo w  th e  c e l l  to  be pumped down and then c lo se  
t h i s  v a lv e . Open v a lv e s  (11 ), \,5)» (6 ) , and e i th e r  (?)  o r  (8) 
depending on w hether o r  n o t th e  com pressor (c )  i s  b e in g  used. The 
com pressor i s  used i f  th e  c e l l  p re s su re  i s  to  be g r e a te r  than 13 p s i .  
A djust need le  v a lv es  (5 ) and (6 ) to  g ive  th e  d e s ire d  m ixture o f  dry 
and humid n itro g e n . The c e l l  i s  now being f i l l e d  w ith  approxim ately  
the  p ro p er w ater vapor c o n c e n tra tio n . A f in e  read ju stm en t o f  the  
hum idity  w il l  be made l a t e r .  When th e  d e s ire d  c e l l  p re s su re  i s  
o b ta in ed , c lo se  stopcock (1 6 ), open exhaust va lve  (2 0 ) , and a d ju s t  
need le  v a lv es  (1?) and (18) so th a t  t h i s  p re s su re  i s  m ain ta ined .
About 5^ o f the gas should  go through valve (1?) when the  so len o id  
valve c o n tro lle d  by th e  c e l l  p re s su re  r e g u la to r  i s  open. The 
so len o id  w i l l  then  sw itch  w ith  abou t a  two second c y c le .
The hum idity  may now be re a d ju s te d  by u s in g  v a lv e s  ($)  and (6) 
w ith l i t t l e  d is tu rb in g  e f f e c t s  o f  th e  t o t a l  flow . Also th e  t o t a l  
flow r a te  through th e  c e l l  may be a d ju s te d  w ith  v a lv e s  (18) and 
e i th e r  (?)  o r  (8) w ith  l i t t l e  e f f e c t  on th e  hum id ity .
Now tu rn in g  our a t te n t io n  to  th e  fu n c tio n  o f th e  hygrom eter 
m anifold we see th a t  v a lv e s  (lO ) through (15) p rov ide  fo u r  p o s s ib le  
modes o f  o p e ra tio n . F i r s t  the  hygrom eter may be bypassed com pletely  
w ith  only v a lv es  (11) and (14) open. Secondly th e  hygrom eter may
6?
m onitor th e  vapor b e fo re  en tran ce  in to  th e  c e l l .  This i s  f u l f i l l e d  
by opening v a lv e s  (lO ), (1 2 ), and (1 4 ). Next th e  e x i t  vapor may be 
m onitored by opening (1 1 ), (1 3 ), and (15)- F in a lly  th e  vapor may be 
m onitored w hile bypassing  th e  c e l l  chamber com pletely . This i s  done 
by opening (lO ) and (1 5 ) . T his i s  u s e fu l f o r  a d ju s t in g  th e  c o n c e n tra tio n  
befo re  in je c t io n  in to  th e  c e l l .
C. Data A cq u is itio n
The d a ta  reco rded  was th e  tra n s m itte d  l i g h t  in te n s i ty  a s  a  
fu n c tio n  o f w avelength over th e  range o f  4 .6  /wm to  s l i g h t ly  above 
8 fm.
I t  was d e s ira b le  to  u t i l i z e  those  p ro cedures th a t  produced th e  
b e s t  accuracy  and most rep roduceab le  r e s u l t s .  T herefore a l l  
c o n d itio n s  th a t  might have any in f lu e n c e  upon th e  r e s u l t s  were 
reco rd ed . V arious environm ental c o n d itio n s  were noted  and c o n tro lle d  
a s  much a s  p o s s ib le  f o r  i t  was n ecessa ry  to  make com parisons o f  any 
one d a ta  scan w ith  a n o th e r . P e rio d ic  checks o f  c r i t i c a l  param eters 
were made d u rin g  d a ta  a c q u is i t io n .  This a id ed  in  the  p rev en tio n  o f 
any o therw ise  unaccounted f o r  e r r o r s  o r  d r i f t s  in  the  in s tru m en t fu n c tio n . 
This became an im p o rtan t r i t u a l  s in ce  much o f  th e  d a ta  was taken  over 
p e r io d s  o f con tinuous o p e ra tio n  f o r  a s  long  a s  30 -  35 h o u rs . These 
long  tim es o f  con tinuous o p e ra tio n  p e rm itte d  more measurement tim e, 
s in ce  th e  s t a r t  up tim e (tim e f o r  a l l  e q u i l ib r i a  to  be e s ta b lis h e d ;  
about 3 h o u rs ) and sh u t down tim e (about 1 hou r) was a  s ig n i f ic a n t  
p o r tio n  o f a  day.
68
G ettin g  ready  f o r  a  p a r t i c u l a r  6a,ta. scan meant tu rn in g  th e  in s tru m en t 
on in  a sy s te m a tic  way. T h is in c lu d e d  s t a r t i n g  th e  l e f t  and r i g h t  f o r e ­
pumps to  evacua te  th e  ends o f  th e  c e l l ;  tu rn in g  on a l l  e le c t r o n ic s  to  
a llow  tim e f o r  s u f f i c i e n t  warm-up; s t a r t i n g  and s e t t in g  th e  tem pera tu re  
h a th ; tu rn in g  on th e  hum idity  chamber and a llo w in g  tim e f o r  i t s  o p e ra tio n  
to  s t a b i l i z e ;  checking and r e s e t t i n g  (when n e ce ssa ry ) a l l  c o n d itio n s  o f  
th e  c e l l .
Once th e  c e l l  was in  f u l l  o p e ra tio n  i t  would run  a lm ost a u to m a tic a lly ;  
e s p e c ia l ly  the  a id  o f  th e  d e te c to r  e x ten s io n  dewar p e rm itte d  a  s tead y  
measurem ent.
Since e s ta b lish m e n t o f  therm al e q u ilib r iu m  o f  th e  system  re q u ire d  
a  much lo n g e r tim e than  th a t  o f  e i t h e r  p re s su re  o r  c o n c e n tra tio n , 
tem peratu re  was g iven p r i o r i t y  in  th e  s p e r a t in g  p ro ced u re . For any 
given  tem p era tu re , a l l  n ece ssa ry  d a ta  scans were o b ta in ed  by going 
th rough th e  p re sc r ib e d  s e r i e s  o f  p re s s u re s  ( s t a r t i n g  a t  th e  lo w est 
v a lu e ) a t  a  g iven  c o n c e n tra tio n , th en  changing th e  c o n c e n tra tio n  to  
th e  n ex t h ig h e r  v a lue  and r e p e a tin g  th e  s e r i e s  o f p re s s u re s . scans 
were taken  b e fo re  th e  in tro d u c tio n  o f  w a te r vapor in to  th e  c e l l  a s  w e ll a s  
between changes o f  c o n c e n tra tio n  and a t  th e  end o f th e  p a r t i c u l a r  
tem pera tu re  s e r i e s .
C ell h is to r y  was an im p o rtan t f a c to r  a s  i s  r e f le c te d  in  the  
d is c u s s io n  o f th e  re fe re n c e  scans ( l^ )  in  th e  n ex t c h a p te r . A fte r  
each s e r ie s  o f  scans was com pleted, th e  same procedure was fo llow ed  
in  te rm in a tin g  th e  o p e ra tio n  o f  th e  in s tru m e n t. A f te r  ev acu a tin g  the  
c e l l  chamber i t  was alw ays f i l l e d  w ith  d ry  f o r  the  p e rio d s  o f
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in o p e ra tio n . T his reduced th e  pump down tim e when used again  and 
d im in ished  any lo n g  term  c o rro s iv e  e f f e c t s  th a t  th e  w a ter may have on 
th e  in te r n a l  components such a s  windows. For s im ila r  re a so n s , in  
g e n e ra l, room a i r  was n o t allow ed in s id e  th e  c e l l .
C hapter IV A nalysis  o f R esu lts
A. G eneral Procedure
As mentioned p rev io u s ly  our in s tru m en t reco rded  th e  tra n sm itte d  
in f r a r e d  l i g h t  in te n s i ty  a s  a fu n c tio n  o f w avelength \  . In  a l l  d a ta  
scans th e  a b sc is s a  was l i n e a r  in  w avelength. Each spectrum was d ig i t iz e d  
by read in g  the  in f r a r e d  tra n sm iss io n  a t  435 eq u a lly  spaced v a lu es  
o f  the  w avelength. This w avelength spacing  (0.008 /xm) was n ecessary  
to  g ive an a cc u ra te  r e p re s e n ta t io n  o f th e  s p e c tra  in  a l l  wavelength 
re g io n s  o f  th e  s p e c tra .  The d a ta  was converted  to  absorp tance  
acco rd ing  to
Â  = 1 - i (  A i ) / I^ (  X | )  (19)
where l (  A^) and I^ (  \ ^ )  a re  the  tra n sm iss io n  o f th e  sample and 
re fe re n c e  a t  a  g iven A The v a lu e s  o f A  ̂ a re ,  o f course , the  
averages as  w eighted by th e  monochromator s p e c t r a l  d i s t r ib u t io n  
fu n c tio n .
The monochromator en tran ce  and e x i t  s l i t s  were s e t  a t  2 mm 
w idth f o r  a l l  d a ta  scan s . The s p e c tr a l  d i s t r ib u t io n  fu n c tio n  i s  
assumed to  be a  t r i a n g le  w ith  a  h a l f - i n t e n s i t y  band p ass  (
2 I
g iven by the  p roduct o f  the  s l i t  w idth and th e  re c ip ro c a l  l i n e a r  
d is p e r s io n , i . e .
( a K)j  ̂ = (2 mm)(0.0212 //m/mm) = 0 .04  /xm 
The h a l f -  in te n s i ty  band p ass  in  term s o f  wavenumber i s  given by
( a V ) i  = ( a X ) ^  = ( 4 0 0 / X ^), ( A i n  /xm)
For the  w avelength range o f  4 .6  //m to  8 .0  y/m the  h a l f - in t e n s i ty
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"1 —1 b a n d  p a s s  v a r i e s  f r o m  1 8 . 9  cm  t o  6 . 2 5  cm  .
T h e  m o s t  w i d e l y  a c c e p t e d  s p e c t r a l  f o r m a t  i s  t o  l e t  t h e  a b s c i s s a
b e  l i n e a r  i n  w a v e n u m b e r .  We c h o s e  t o  d o  t h i s .  We a l s o  c h o s e  t o
f u r t h e r  d e g r a d e  t h e  d a t a  b y  c o m p u t e r  t o  a  c o n s t a n t  h a l f - i n t e n s i t y
-1  -1 band p ass  o f  25 cm using  a t r i a n g u la r  s l i t  fu n c tio n . The 25 cm
b a n d  p a s s  w a s  a l s o  u s e f u l  f o r  a  c o m p a r i s o n  w i t h  t h e o r e t i c a l  c a l ­
c u l a t i o n s  o f  t h e  a b s o r p t a n c e .
T h e  s l i t  f u n c t i o n  )  c h o s e n  f o r  t h e  c o m p u t e r  d e g r a d i n g  i s
p (  V  )  =  a  -  1 1 / . -  i / .  -  a  <  <  2/  +  a
-L J J J ( 2 0 )
P  ') =  0  o t h e r w i s e
-1
w h e r e  a  =  2 5  cm . E a c h  o f  t h e  o r i g i n a l  d a t a  p o i n t s  r e p r e s e n t s  
t h e  m e a n  f r a c t i o n  a b s o r p t i o n  i n  a  s m a l l  w a v e n u m b e r  r e g i o n
^  Z W A ( * /  ) d V  ( 2 1 )
2  "
T h u s  =  A ^ ( û A / X ;  )  r e p r e s e n t s  t h e  t o t a l  a b s o r p t i o n  i n  e a c h
r e g i o n  û i / .  ( h e r e  a A =  0 . 0 0 8  /^ m  i s  t h e  d a t a  p o i n t  s p a c i n g  t a k e n  
i n  t h e  d i g i t i z i n g  p r o c e s s ) .  Now w e  h a v e  t h e  a b s o r p t a n c e  a s  a  
f u n c t i o n  o f  w a v e n u m b e r ,  A (  1 / ^ ) ,  g i v e n  i n  t e r m s  o f  t h e  o r i g i n a l  
d i g i t i z e d  d a t a  p o i n t s  ( A ^ ,  A ^ )  a s
J a (  i 7 )  p ( l 7  ) d i /
A (  0 /  )  -    & 1 . ( A  . A \ / A ' ) ( a  -  M - < / | )  ( 2 2 )
J  f  d  ^  J .  0
j /< V ) d ) /
H e r e  t h e  su m  i s  o v e r  a l l  i  s u c h  t h a t  -  a  <  +  a .  We
c h o s e  i / j  a t  5  cm  ̂ i n t e r v a l s .  T h u s  t h e  4 3 5  p o i n t s  r e a d  f r o m  e a c h
s p e c t r a  o v e r  t h e  r a n g e  4 . 6 / U m  t o  8 y /m  b e c a m e  1 8 5  p o i n t s  e q u a l l y
-1  -1 
s p a c e d  f r o m  1225 cm t o  2150 cm
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The t o t a l  numtjer o f d a ta  p o in ts  read  from th e  o r ig in a l  c h a r ts
f o r  a l l  scans approached 20,000. A ll o f  th ese  th re e  d i g i t  va lu es
were en te red  in to  th e  computer v ia  a  tim e -sh a rin g  te rm in a l.
F ig u re 31 d is p la y s  the  e f f e c t  o f  degrad ing  th e  d a ta  by computer.
Curve A shows a  ty p ic a l  scan o f  abso rp tance  vs wavenumber w ith  a
band pass o f  0 .04 m icron. I t  i s  obvious th a t  extrem e care  had to
be ex e rc ised  in  th e  re a d in g  o f  th e  o r ig in a l  cu rves s in ce  a  sm all
s h i f t  in  the  a b sc is sa  may r e s u l t  in  a  la rg e  e r r o r  in  the  o rd in a te ,
e sp e c ia lly  in  th e  s te e p  re g io n s  o f  the  cu rve . For the  same reason
c a re fu l a t te n t io n  was alw ays g iven  to  a c c u ra te ly  synchron izing  th e
monochromator and th e  c h a r t  re c o rd e r . The B curve i s  the  r e s u l t  o f
the d a ta  a f t e r  having been degraded by computer to  a  band p a ss  o f 
_1
25 cm . The main th r u s t  o f  t h i s  in v e s t ig a t io n  was d ire c te d  toward
examining th e  e f f e c t  o f  th e  band a b so rp tio n  a s  a  fu n c tio n  o f  c , p ,
and Tj th u s  t h i s  cho ice  f o r  th e  band p a ss  sup ressed  a l l  f in e
r o ta t io n a l  s t ru c tu re  in  the  band. A ll th e  r e s u l t s  a re  degraded to  
-1
25 cm u n le ss  s ta te d  o th e rw ise .
B. Reference S p ec tra
S evera l re fe re n c e  s p e c tra  were o b ta in ed  th roughout each
s e r ie s  o f d a ta  scans. This sequence i s  shown in  ta b le  I  , column 3- 
The a b so rp tio n  d a ta  scan r a t i o  l / l ^  was used to  p lo t  the  sample 
ab so rp tan c e .
I t  was found th a t  d u rin g  th e  course o f  ta k in g  a  d a ta  s e r i e s  the  
re fe re n ce  curves had c e r ta in  "background w ater"  ab so rp tio n  tre n d s .
0.4
A. C onstan t In s tru m e n ta l Band P ass 0 .04 /tm  
E. C onstan t Com putational Band P ass 25 cm
oo
TÜOÔ 2 c mT7ÔÔ14001300200 1500
Wave Number (cm ) 
F ig u re  31■ A bsorptance a s  a  fu n c tio n  o f  baud p ass
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TABLE I  Data Sequence
D a t a
S e r i e s
S c a n
n o .
R e f e r e n c e
l o
t C^c ) C( %) P ( a t m ) I n t e r p o l a t e d  1 ^
I 1 X 15
2 15 0 . 4 1 1 . 5 l o ( I - 3 )  -  0 . 5 I ^ ( I - 5 )
3 X 15
4 15 0 . 8 1 0 . 5 I o ( I - 3 )  + 0 . 5 I q ( I - 5 )
5 X 15
I I 1 X 15
2 X 15
3 15 1 . 6 1 / 3 2 I q ( I I - 6) -  I o ( I I - 9 )
4 15 1 . 6 1 / 2 1 . 6 7 I q ( I I - 6 )  -  0 . 6 7 1 o ( I I - 9 )
5 15 1 . 6 2 / 3 1 . 3 3 I o ( I I - 6 )  -  0 . 3 3 I o ( I I - 9 )
6 X 15
7 15 1 . 6 5 / 6 0 . 6 7 I q ( I I - 6) + 0 . 3 3 I g ( I I - 9 )




I I I 1 X 40
2 X 40
3 X 40
4 X 40 1 . 6 1 / 3 2 I o ( I I I - 8 )  -  I q ( I I I - I I )
5 X 40 1 . 6 1 / 3 2 I q ( I I I - 8 )  -  I q ( I I I - I I )
6 40 1 . 6 2 / 3 1 . 6 7 I q ( I I I - 8 )  -  0 . 6 7 1 ^ ( 1 1 1 - 1 1 )
7 40 1 . 6 1 1 . 3 3 I o ( I I I - 8 )  -  0 . 3 3 I q ( I I I - 1 1 )
8 X 40
9 40 3 . 2 1 / 3 0 . 6 7 I o ( I I I - 8 )  + 0 . 3 3 I q ( I I I - 1 1 )
10 40 3 . 2 1 O . 3 3 I q ( I I I - 8 )  + 0 . 5 7 I o ( I I I - 1 1 )
11 X 40
IV 1 X 40
2 40 4 . 8 1 / 3 I o ( I V - 4 )
3 40 4 . 8 1 I o ( I V - 4 )
4 X 40
5 X 40
V 1 X 65
2 65 1 . 6 1 / 3 1 . 6 7 I q (V-4) -  0 . 6 7 1  (V-7)
3 65 1 . 6 1 1 . 3 3 I q (V-4)  -  0 . 3 3 1 ° (V-7)
4 X 65
5 65 4 . 8 1 / 3 0 . 6 7 I q (V-4)  + 0 . 3 3 1 ^ (V-7)
5 65 4 . 8 2 / 3 0 . 3 3 I q (V-4)  + 0 . 6 7 I q (V-7)
7 X 65
8 X 65
9 65 4 . 8 1 0 . 6 7 I q (V-7) + 0 . 3 3 I q (V-12)
10 65 4 . 8 1 0 . 6 7 1 g (V-7) + 0 . 3 3 I q (V-12)




In  the  w orst c a se s  e r ro r s  in  excess o f 10% cou ld  e a s i ly  be in troduced  
by ig n o rin g  th e se  tre n d s . This in d ic a te d  t h a t  a  c a re fu l  use 
o f th e  scans was c r i t i c a l .
I t  i s  a p p a ren t from f ig u re s  32 to  3^ th a t  the  I^  curves d isp la y  
some rsindom in s tru m en t i n s t a b i l i t i e s  but a lso  may have maxima in  the 
same re g io n s  where w ater vapor h as  i t s  maximum a b so rp tio n . Whatever 
the  reaso n s f o r  t h i s  v a r ia t io n  in  th e  "background w a te r" , the  im portance 
o f tak in g  s u f f i c i e n t  re fe re n c e  d a ta  i s  dem onstrated .
With re fe re n c e  to  ta b le  I  , th e  scans which were taken  a t  the  
beginning o f each d a ta  s e r ie s  were ob ta in ed  a f t e r  th e  c e l l  had been 
unused f o r  s e v e ra l  h ou rs . During th e se  p e rio d s  o f nonuse, th e  c e l l  
f i r s t  had been evacuated  and then f i l l e d  w ith  dry  n itro g e n  fo r  
s to ra g e . This r i t u a l  was adhered to  s in ce  we d e s ire d  to  minimize 
any d is c re p a n c ie s  in  the  a b so rp tio n  d a ta  a r i s in g  from v a r ia t io n s  
in  the  c e l l  h i s to r y .
The e x te n t o f  the  in s tru m en t i n s t a b i l i t i e s  may r e a d i ly  be 
e x tra c te d  from th e  re fe re n c e  d a ta . F igure 32 i s  a comparison o f  
one vacuum scan w ith  an o th e r taken  in  sequence. Here th e  n a tu re  
and th e  magnitude o f  th e  i n s t a b i l i t i e s  a re  shown. The o rd in a te  i s  
g re a t ly  expanded to  show d e t a i l . The i n s t a b i l i t i e s  a re  p r im a rily  
due to  v a r ia t io n s  in  the  g lo b a r o u tp u t. One should no te  the  absence 
o f any "ab so rp tio n "  in  th e  core o f the  w ater band.
A nother a sp e c t o f th e  in s tru m en t o p e ra tio n  concerns the e f f e c t  o f 
p re s su re ;  f o r  comparison one curve ( l )  i s  taken  a t  o r  n ea r atm ospheric 
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Figure 32. Apparent absorptance of vacuum vs vacuum reference scans
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Gould i t  "be th a t  th e  system o p t ic s  were a l t e r e d  s ig n i f ic a n t ly  in  the  
p ro cess  o f c e l l  evacuation?  Or; might i t  he th a t  a  la r g e r  therm al 
n o n u n ifo rm itie s  in  th e  in s tru m en t caused a  d iscrepancy? This 
prompted a comparison o f vacuum scans to  th o se  w ith  dry  n itro g e n  flow 
a t  a tm ospheric  p re s su re . The r e s u l t s  a re  shown in  f ig u re  33- Again 
th e  o rd in a te  i s  expanded. The e s s e n t ia l  c h a ra c te r  o f t h i s  graph does 
no t d i f f e r  from th a t  o f f ig u re  32 where once again  th e  dominant 
f a c to r  i s  th e  v a r ia t io n  in  the  g lo b a r l i g h t  f lu x .
The p rev io u s  in q u iry  was lo g ic a l  co n s id e rin g  th e  f a c t  th a t  in  
the  p ro cess  o f  evacu a tin g  the  c e l l  a  change o f  1% in  th e  HgCdTe 
d e te c to r  o u tp u t was no ted . However, inasm uchas t h i s  1% change was 
n o t a  fu n c tio n  o f w avelength, i t  was e a s i ly  compensated f o r  by a 
s l i g h t  ad justm en t in  th e  re c o rd e r  g a in . Thus f o r  a l l  a s  w ell as 
I  d a ta  scan s , the  gain  was p ro p e rly  s e t  a t  th e  s t a r t i n g  p o in t o f 
X = 4 .6  m icron. U ltim a te ly  t h i s  procedure reduced th e  amount o f 
work necessa ry  in  hand ling  th e  d a ta  by e lim in a tin g  a  s c a lin g  f a c to r .
Now we tu rn  our a t te n t io n  to  th e  long  range tre n d s  in  as  
i l l u s t r a t e d  in  f ig u r e s  3^ and 35* F igure 3^A shows l i t t l e  e f f e c t  
o th e r  than  th e  random i n s t a b i l i t i e s  d iscu ssed  p re v io u s ly . E v iden tly  
th e re  were in s ig n i f ic a n t  "background w ater"  tre n d s  in  th e  re fe re n ce  
d a ta  f o r  s e r ie s  I I .  This co n ta ined  the  bulk  o f the  15 °C work.
F igure 3^B shows a d e f in i te  e f f e c t  in  the  w a ter band c o re . Note: 
th e  o rd in a te  in  ( b ) i s  c o n tra c te d  by a  f a c to r  o f  10 a s  compared to  
( a) .  These I^  scans correspond to  th e  low er v a lu es  o f  co n cen tra tio n  
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Figure 33- Apparent absorptance of dry nitrogen vs vacuum reference scans
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Figure 34. Trends in the I5 0 reference scans
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r e la te d  to  th e  c e l l  storeige in t e r v a l s .  Whereas most d a ta  s e r ie s  
were sep a ra te d  hy s to rag e  tim es o f  only  a  few days, s e r ie s  I  was 
taken  a f t e r  the in s tru m en t had no t been used f o r  sev e ra l weeks.
During t h i s  lo n g e r p e rio d  o f tim e the  v a rio u s  o p t ic a l  su rfa c e s  were 
exposed to  w ater vapor in  th e  room. From t h i s  i t  seems th a t  a more 
complete i s o la t io n  o f  the  in s tru m en t from the  room would have been 
d e s i r a b le .
F igure 35 re v e a ls  tre n d s  s im ila r  to  the  15 °C graph. The e f f e c t  
i s  more pronounced f o r  the  h ig h e r tem p era tu re .
Obviously under optimum o p e ra tin g  co n d itio n s  one would a ttem p t 
to  e lim in a te  a l l  such tre n d s  in  the  re fe re n c e  d a ta . Because th ese  
tre n d s  g ra d u a lly  developed o v e r the  t o t a l  tim e needed f o r  a c q u is i t io n  
o f  a  d a ta  s e r i e s —ty p ic a l ly  30-35  hou rs  o f  continuous o p e ra tio n , the  
tim e demanded f o r  t h e i r  t o t a l  e lim in a tio n  would have been e x c e s s iv e .
The p ro p e r q u e s tio n  i s  how to  e lim in a te  the  tre n d  by u sin g  v a rio u s  
d a ta  scan s . The s o lu tio n  f in a l ly  judged b e s t  invo lved  in te rp o la t in g  
th e  scans o f  any g iven  d a ta  s e r ie s  to  make one correspond w ith  each I  
curve o f th a t  s e r i e s .
T y p ica lly  i t  was found th a t  the  r a t e  o f change in  the  tre n d s  
decreased  a s  we p ro g ressed  through a  p a r t i c u l a r  s e r ie s .  This in d ic a te d  
th a t  the  im portance o f  th e  very  f i r s t  taken  in  each s e r ie s  should 
be d im in ished . The in te rp o la te d  scan s  f in a l ly  used a re  l i s t e d  in  
the  l a s t  column o f ta b le  I .
F in a lly  i t  should  be no ted  th a t  even though the  background w ater 
e f f e c t  i s  n o t f u l l y  understood , a  s u f f i c i e n t  number o f scans were
S o lid : 1 -  I ^ ( l I I - 8 ) / l ^ ( l I I - 3 )  
Dots: 1 -  I  ( I I I - 1 1 ) / I  ( I I I - 3 )O o
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F igu re  35» Trends in  th e  40 °C and th e  65 °C re fe re n c e  scans
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taken  to  perm it a  comparison between every sample measurement and a 
re fe re n ce  measurement o b ta in ed  under s im ila r  c o n d itio n s . ¥e b e liev e  
th a t  in  g en era l th e  r e s u l t s  f o r  l / l ^ ( in t e r p o la t e d )  can be r e l i e d  
upon to  w ith in  3^ a s  f a r  a s  v a r ia t io n s  in  a re  concerened.
C. A bsorption S p ec tra
F ig u res  36 to  40 show, th e  experim en tal ab so rp tio n  s p e c tra  cu rves. 
The s o l id  l in e s  re p re se n t th e  experim en tal v a lu es  w hile the  d o t and 
c i r c l e s  in d ic a te  c a lc u la te d  s p e c tra  (C hapter I I ) f o r  v a rio u s  v a lu es  
o f co n ce n tra tio n  a t  1 atm osphere and a t  14.55 °C . Use was made
16o f the  l in e  param eters  o f th e  in d iv id u a l l in e s  f o r  the  c a lc u la t io n .
The v a lu es  o f the  band in te g ra te d  abso rp tance  fo r  a l l  the  
experim en tal curves a re  d isp la y ed  in  ta b le  I I .  The ab so rb er mass 
in  th e  column o f  I.OO5 m le n g th  a t  1 atm osphere and 14.55 °C f o r  the 
f iv e  c o n c e n tra tio n s  l i s t e d  i s  O.3I ,  0 .62 , 1 .25 , 2 .4 9 , and 3-7^ in  
u n i t s  o f 10 ^ gm/cm^ r e s p e c t iv e ly .  The f i r s t  in te g ra te d  ab so rp tio n  
column i s  taken  from re fe re n c e  (2 0 ) . The c a lc u la te d  v a lu es  ( a t  
T = 14.55  °C) a re  l i s t e d  in  th e  15 °C column a t  1 atm osphere. The 
c a lc u la te d  v a lu es  a t  0.83 atm and 0 .6?  atm were ob ta in ed  by using  
th e  c a lc u la te d  f i r s t  and second o rd e r p re ssu re  d e r iv a t iv e s .  The 
v a lu es  a t  h ig h e r tem p era tu res  were o b ta in ed  by u s in g  the  c a lc u la te d  
f i r s t  and second o rd e r tem peratu re  d e r iv a t iv e s .  The one value a t
0.67  atm and 40 °C re q u ire d  th e  use o f a  c a lc u la te d  pT d e r iv a t iv e .
The m ajor experim en tal e r r o r  in  the  in te g ra te d  v a lu es  (3%) i s  
the  accuracy  o f th e  c o n c e n tra tio n . In  th e  c a lc u la t io n s  the  ESSA
83
TABLE I I
Integrated Absorptance for 1 . 0 0 5  m  Column
c P I n t e g r a t e d  A b s o r p t a n c e  (cm
% a t m 1 5  °C 4 0  °C 6 5  °C
T o t a l R e f  2 0 e x p c a l c e x p c a l c e x p c a l c
0 . 4 0 5 1.00 5 3 . 4 6 0 . 6
0 . 8 1 1.00 8 7 9 2
1 . 6 2 0 . 3 3
0 . 5 0
0 . 6 7
















1 2 8 1 2 5
3 . 2 5 0 . 3 3
1.00 1 8 0 1 8 7
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1 8 8 1 8 1
4 . 8 7 0 . 3 3
0 . 6 7
1.00
1 . 2 5
2 2 7 2 2 5
9 4
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F igu re  3 6 . A bsorptance a s  a  fu n c tio n  o f  c o n c e n tra tio n . The s o l id  l i n e s  re p re s e n t  ex p erim en ta l v a lu e s , 
w hile  c i r c l e s  re p re s e n t  c a lc u la te d  v a lu e s .
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Figure 38. Absorptance as a function of temperature
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Figure 39. Absorptance as a function of concentration and pressure
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Figure 40. Absorptance as a function of pressure
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c o m p ila tio n s  o f  l in e  s t re n g th s  were used , f è r  which th e  u n c e r ta in ty  
in  th e  v ib ra t io n a l  in t e n s i ty  i s  l i s t e d  to  he a t  l e a s t  5 p e r  c en t.
The com puta tional e r r o r  i s  a lso  about 5 p e r  cen t.  ̂ These th re e  e r r o r s  
can .acco u n t f o r  the  d is c re p a n c ie s  observed . At low c o n ce n tra tio n  the  
exp erim en ta l e r r o r  p redom inates, w hile a t  h igh  c o n ce n tra tio n  the 
e r r o r  in  th e  c a lc u la t io n  becomes la rg e .  For th e se  extreme cases 
ta b le  I I  in d ic a te s  a  d iscrep an cy  o f  the  o rd e r  o f  10 p e r c e n t. At 
a  medium c o n c e n tra tio n  th e  d iscrepancy  between c a lc u la t io n  and 
experim ent d ro p s  to  a s  low a s  5 p e r c e n t.
The p re c is io n  o f  th e  experim en tal s p e c t r a l  v a lu e s  depends m ostly 
upon the  s h o r t  term f lu c tu a t io n s  in  c o n ce n tra tio n  and g lo b a r in te n s i ty  
(ag a in  see f ig u re  3 2 ) . Each i s  o f the  o rd e r  o f  0 .3  p e rc e n t, hence 
in  a  s in g le  re a d in g  th e  e r r o r  does n o t exceed 0 .5  p e r  c e n t. The 
tra n sm itta n c e  o f  th e  vapor, i . e .  th e  r a t i o  o f  th e  in te n s i ty  through 
th e  vapor f i l l e d  and th e  empty c e l l ,  c a r e fu l ly  c o rre c t in g  f o r  
background w a te r  a b so rp tio n , th u s  has a  p re c is io n  o f  about 1 p e r 
c e n t. For an ab so rp tan ce  A o f  0 .5 , th e re  i s  an a b so lu te  e r r o r  in
A o f  5 X 10 . Then th e  a b so lu te  e r r o r  in  the  f i r s t  o rd e r d if fe re n c e
-2  2 -2  dA i s  10 , and in  th e  second o rd e r d if fe re n c e  d A i s  2 x 10
The r e l a t i v e  range over which th e  thermodynamic param eters  a re
v a r ie d  in  th e  e v a lu a tio n  o f th e  d e r iv a t iv e s  i s  a c /c  «  j ,  ap /p  ^  y ,
and AT/T % l / 6 . This means th a t  the  a b so lu te  p re c is io n  in  the  f i r s t
d e r iv a t iv e ,  y^A/?y, v a r ie s  from 0.02 to  0 .0 6 . Likew ise th e  a b so lu te
p re c is io n  in  th e  v a rio u s  second d e r iv a t iv e s ,  xy^^A /^x)y, can vary
from 0 .05  to  0 . 15 . Use i s  made o f  the  d e r iv a t iv e  tim es t h e i r
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re s p e c tiv e  v a r ia b le s  in  th e  form a s  g iven  s in ce  th ese  have the  same 
u n i t s  and o rd e r  o f  magnitude a s  A.
At low c o n ce n tra tio n  th e  exp erim en ta l e r r o r  and the  e r r o r  
e s tim a te  o f  the  c a lc u la te d  s p e c tr a l  v a lu es  can account f o r  the  
d if fe re n c e  between th e  experim en tal and c a lc u la te d  s p e c tra .  However, 
n ea r the  a b so rp tio n  peaks f o r  h igh  c o n c e n tra tio n  la r g e r  d is c re p a n c ie s  
occu r. A c lo s e r  in sp e c tio n  re v e a ls  th a t  under those  c o n d itio n s  more 
than  5 r o ta t io n a l  l i n e s  s tro n g ly  i n t e r a c t .  Hence, t h i s  i s  th e  l im i t  
o f  a p p l i c a b i l i ty  o f t h i s  c a lc u la t io n .
D. D e riv a tiv e  S p ec tra
The d a ta  sequence as  d isp la y ed  in  ta b le  I I I  was co n stru c te d  a s  
an a id  in  d e te rm in in g  the  c , p , aJid T v a lu es  needed f o r  o b ta in in g  
f i r s t  and second o rd e r  d e r iv a t iv e s .  At any re fe re n c e  p o in t determ ined 
by th e  average o f  th e  c , p , o r  T v a lu e s , the  experim en ta l f i r s t  o rd e r 
d e r iv a t iv e s  may be o b ta in ed  from two a b so rp tio n  s p e c tra .  Using th re e  
ab so rp tio n  s p e c tra  one can in te r p o la te  and f in d  th e  spectrum  a t  a  
d i f f e r e n t  c ,  p , o r  T p o in t .  T h is i s  conven ien t in  th e  case o f  p re s su re , 
s in c e  most o f  th e  d a ta  i s  a t  o r  below 1 atm osphere.
In  f ig u r e s  41 to  43 the  c a lc u la te d  f i r s t  d e r iv a t iv e s  a re  computed 
f o r  th e  exp erim en ta l c and T c o n d itio n s  l i s t e d  by u sin g  c a lc u la te d  
f i r s t  cind second d e r iv a t iv e s  a t  1 atm and 14.55 °C (d o ts  and c i r c l e s ) .  
These d e r iv a t iv e s  may be compared w ith  th e  experim en ta l d e r iv a t iv e s  
( s o l id  l i n e s ) .
Experim ental second d e r iv a t iv e s  and mixed d e r iv a t iv e s  a re
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TABLE I I I
Values o f c , p and T f o r  d e r iv a t iv e  sp e c tra
P (atm)
1 / 3 1/2 5 /6 5 / 42 /3
c(%)
1 5 ° C
4 0  C
1 5 ° C
1.6
65"C
1 5 ° C
6 5  C
15^C









p = la tm .
T = 15 C
0.61% '
p = la tm .
T = 40 C
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Figure 41.





The p a r t i a l  d e r iv a t iv e  o f  th e  ah so rp tan ce  w ith  r e s p e c t  to  the  
c o n c e n tra tio n  a t  c o n s ta n t p re s su re  and te m p e ra tu re . The 
c a lc u la te d  v a lu e s  in d ic a te d  by th e  c i r c l e s  and d o ts  r e f e r  to  
th e  h ig h e r  and low er c o n c e n tra tio n s , r e s p e c t iv e ly . There i s  
agreem ent w ith in  th e  e s t im a te s  o f  e r r o r .
VÛN)
0 .4
c = 4 .8 7 #  
p = 1 atm.
0 .3
0 .2
p = 1 atm .
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Figure 42. The p a r t i a l  d e r iv a t iv e  o f  th e  ab so rp tan ce  w ith  r e s p e c t  to  the  
p re s su re  a t  c o n s ta n t c o n c e n tra tio n  and te m p e ra tu re . The 
c a lc u la te d  v a lu e s  (d o ts )  f i t  th e  low c o n c e n tra tio n  exp erim en ta l 
cu rv e . The c i r c l e s  d i f f e r  w ith  th e  h igh  c o n c e n tra tio n  curve 
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Figure 43. T h e  p a r t i a l  d e r i v a t i v e  o f  t h e  a b s o r p t a n c e  w i t h  r e s p e c t  t o  t h e  
t e m p e r a t u r e  a t  c o n s t a n t  c o n c e n t r a t i o n  a n d  p r e s s u r e .  T h e r e  i s  
g o o d  a g r e e m e n t  b e t w e e n  t h e  c a l c u l a t e d  v a l u e s  ( c i r c l e s )  a n d  t h e  
l o w  c o n c e n t r a t i o n  e x p e r i m e n t a l  c u r v e .  T h e r e  i s  n o  l a r g e  
s y s t e m a t i c  d i s c r e p a n c y  b e t w e e n  t h e  c a l c u l a t e d  v a l u e s  ( d o t s )  
a n d  t h e  h i g h  c o n c e n t r a t i o n  c u r v e .
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ob ta in ed  from 3 o r  4 a b so rp tio n  measurements spaced a t  r e g u la r  c , p , 
o r  T in te r v a l s .  The av erages o f  th e  c , p , and T v a lu es  serve  a s  the  
re fe re n c e  p o in t .
In  f ig u r e s  44to  4 ? , the  c a lc u la te d  v a lu e s  o f th e  second d e r iv a t iv e s  
a re  in d ic a te d  w ith  d o ts  f o r  1 atm , 14 .55  °C and v a rio u s  c o n c e n tra tio n s . 
The c i r c l e s  in d ic a te  c a lc u la te d  v a lu e s , which a re  c o rre c te d  to  the  
a c tu a l  experim en tal c , p , and T re fe re n c e  p o in t .  These c o r re c t io n s  
a re  o b ta in ed  f o r  a  g iven  s p e c t r a l  p o s i t io n  by u s in g  a  power law , 
y ^ ^ ^ \  to  ex p ress  th e  c , p , and T dependence. The exponent 
i s  found by ta k in g  th e  r a t i o  o f  th e  c a lc u la te d  f i r s t  d e r iv a t iv e ,  
ypA/^y, and th e  a b so rp tio n . S im ila r ly  th e  r a t i o  o f  th e  second 
d e r iv a t iv e ,  y^^^A/3y^, and th e  f i r s t  d e r iv a t iv e ,  y^A /^y, eq u a ls  
z (y ) -  1. In  the  case o f  c o n c e n tra tio n  z (j/)  ranges from 0 .25  to  0.65» 
w hile f o r  p re s su re  z(iJ) v a r ie s  from 0 .5  to  1 .0 . The tem peratu re  
dependence, which changes s ig n , must c e r ta in ly  be examined f o r  each 
s p e c tr a l  p o in t .  Because th e  power law i s  approx im ate , both  s e t s  o f 
c a lc u la te d  p o in ts ,  u n c o rre c ted  (d o ts )  and c o rre c te d  ( c i r c l e s ) ,  
should be co n sid e red . In  the  fo rm er th e  d e r iv a t iv e  i s  l e s s  u n c e r ta in , 
w hile  in  th e  l a t t e r  th e  c , p , and T re fe re n c e  p o in t i s  a p p ro p r ia te  to  
the  experim ent.
In  f ig u re  48 th e  a b so rb e r mass and c o n c e n tra tio n  a re  such th a t
the c a lc u la t io n  can be expected  to  be a c c u ra te . The experim en ta l curve 
12by Burch, e t  a l .  indeed  f i t s  th e  c a lc u la t io n  ( c i r c l e s ) .  For t h i s
curve the  in te g ra te d  a b so rp tio n  i s  160 cm ^ , w hile  f o r  ou r c a lc u la te d
-1spectrum  i t  i s  164 cm" .
c = 0.91%
p = 1 atm .
c = 3 . 25% 
p = 1 atm . 
T = 40
1300
F igure  44.





The second p a r t i a l  d e r iv a t iv e s  o f th e  ah so rp tan ce  w ith  r e s p e c t  to  
c o n c e n tra tio n  a t  c o n s ta n t p re s su re  and te m p e ra tu re . At low 
c o n c e n tra tio n  th e re  i s  good agreem ent w ith  th e  c a lc u la t io n  ( c i r c l e s ) .  
The d if f e r e n c e  o f  th e  c a lc u la te d  v a lu e s  and th e  h igh  c o n c e n tra tio n  
curve i s  s t i l l  w ith in  th e  e r r o r  e s tim a te .
c = 2.k2>% 
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F igu re  4^ . The second p a r t i a l  d e r iv a t iv e  w ith  r e s p e c t  to  c o n c e n tra tio n  and 
p re s su re . At low c o n c e n tra tio n  th e  c a lc u la t io n  f i t s  w ith in  the  
e r r o r  e s tim a te . At th e  h ig h e s t  c o n c e n tra tio n  th e  d isc rep an cy  i s  
due to  c a lc u la t io n  e r r o r s .
c = 1 .62# 
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F igure  46. The second p a r t i a l  d e r iv a t iv e  o f  th e  ab so rp tan ce  w ith  r e s p e c t  to  
p re s su re  a t  c o n s ta n t c o n c e n tra tio n  and te m p e ra tu re . At low 
c o n c e n tra tio n  agreem ent e x i s t s  w ith  th e  c a lc u la te d  v a lu e s  ( c i r c l e s ) .  
At the  h igh  c o n c e n tra tio n  in  th e  c e n te r  o f  th e  band the  
c a lc u la t io n  ( c i r c l e s )  does n o t ag ree  w ith in  th e  ex pec ted  e r r o r .
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Figure 4?. The second p a r t i a l  d e r iv a t iv e  o f  th e  ah so rp tan ce  w ith  re s p e c t  to  
p re s su re  euid te m p e ra tu re . The e r ro r -p e a k s  in  th e  low er 
ex p erim en ta l curve can he ex p ec ted , hecaiise we use a  sm all 
r e l a t i v e  hase o f  AT/t = l / l 2 .  For th e  h igh  c o n c e n tra tio n , 
in  the  c e n te r  o f  th e  hand, th e  c a lc u la t io n  o f  th e  p re s su re  
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Figure 48. 12E xperim ental ab so rp tan ce  curve by Burch, e t  a l .  , f o r  ab so rb e r 
mass 0 .0018 gm/cm^ and 1.017 atm . The c i r c l e s  r e p re s e n t  our 
c a lc u la t io n  f o r  t h i s  mass and p re s su re  a t  15 °C, degraded to  
25 cm“^ . B u rc h 's  ex p erim en ta l curve i s  degraded to  abou t 10 cm
l o i
E. Conclusions
As th e  sp e c tra  o f th e  a b so rp tio n  d e r iv a t iv e s  show, th e  thermodynamic 
param eters  have r a th e r  d i f f e r e n t  e f f e c t s  a t  v a rio u s  lo c a t io n s . For 
example, n e a r a  wavenumber o f  1400 cm  ̂ and in  th e  reg io n  o f 
1800 -  1900 cm ^ the  dependence upon T i s  m inim al. On th e  o th e r  
hand n ea r 1325 cm  ̂ th e  r e l a t i v e  e f f e c t  o f T exceeds th a t  o f c and p .
This same dependence can a lso  be noted  f o r  )^ A /^ l9 p . Moreover, a t  
l e a s t  f o r  a low ab so rb er mass, 3^'A/3p^ i s  sm all in  the  wings o f the  
band. Therefore 3^A /)c?p  i s  s ig n i f ic a n t  in  the  wing and can in  
p r in c ip le  be used f o r  a measurement o f  c . These d e r iv a t iv e s  a re  
r e la te d  to  the  c, p , o r T dependence o f  the  a d ia b a tic  p re ssu re  
d e r iv a t iv e ,  which occurs  in  th e  d e s c r ip t io n  o f  tu rb u len c e . The 
use o f  p a r t i c u la r  s p e c t r a l  re g io n s  to  o b ta in  in fo rm atio n  about c,
21P, and T from th ese  d e r iv a t iv e s  has been suggested  by K rause, e t  a l .
E v id en tly , th e  f i r s t  and second d e r iv a tiv e  s p e c tra  can be
22o b ta ined  w ith  a f a i r l y  sim ple in s tru m e n t. We a lso  show th a t  i f  the  
abso rp tance  i s  below 0 .6 , a  c a lc u la t io n  based on in d iv id u a l r o ta t io n a l  
l in e  param eters can give d e r iv a t iv e  s p e c tra  w ith  s u f f i c i e n t  accuracy .
We om itted  th e  e x tra  e f f e c t  due to  se lf -b ro a d e n in g . For a  co n cen tra tio n  
below 3 p e r  cen t t h i s  does n o t s ig n i f ic a n t ly  a f f e c t  oui' co n c lu sio n s , 
however, above 4 p e r  c en t i t  w i l l  have to  be co nsidered .
Many a sp e c ts  o f  work in  th e  in f r a r e d  have been emphasized in  
re c e n t y e a rs . I t  has found u ses  ran g in g  from d e te c t in g  c le a r  a i r  
tu rb u len ce  (cAT) to  s tu d ie s  in  space astronom y. Some a sp e c ts  have 
s tro n g  s c i e n t i f i c  appeal w hile  o th e rs  r e l a t e  to  the  im pact o f
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technology on th e  q u a l i ty  o f l i f e .
I t  h as  "been re p o r te d  f o r  th e  atm osphere t h a t  a  c o r r e la t io n
may e x is t  between th e  w ater vapor c o n c e n tra tio n  and th e  e x te n t  
23
o f tu rb u le n c e . I f  t h i s  i s  t r u e ,  in  o rd e r  f o r  an a irp la n e  
to  be ab le  to  avoid  CAT, i t  only needs an in f r a r e d  s e n s i t iv e  
dev ice  to  con tin u o u sly  m onitor w a ter vapor c o n c e n tra tio n s  in  
th e  in ten d ed  p a th  o f  th e  a i r c r a f t .  The d e te c t io n  o f  CAT could  
be sensed from d is ta n c e s  exceeding 60 m ile s , a llo w in g  th e  a i r c r a f t  
ample time to  avoid  th e  hazard .
Concerning the  a p p l ic a t io n s  o f  the  in f r a r e d  in  astronom y, 
two a sp e c ts  may be m entioned. F i r s t  th e re  i s  th e  study o f  p la n e ta ry  
su rfa c e s  en ab lin g  one to  deduce th e  com position o f  th e  p l a n e t 's  
atm osphere a s  w ell a s  th e  e f f e c t iv e  tem pera tu re  o f  th e  r a d ia t in g
2li
su rfa c e . For exam ple, a s  e a r ly  a s  1932 r e f l e c te d  l i g h t  from th e
su rface  of Venus was s tu d ie d . More r e c e n tly  worldwide a t t e n t io n
has been focused  on th e  Moon and Mars. Secondly th e re  have been
m ajor e f f o r t s  made to  u l t i l i z e  in f r a r e d  in  g a in in g  knowledge about
s t a r s  and g a la x ie s . For so long  i t  was though t th a t  s t a r s  were too
h o t to  em it r a d ia t io n  ex cesses  in  t h i s  p a r t  o f  th e  e lec tro m ag n e tic
spectrum . I t  was a  s u rp r is e  when i t  was f i r s t  d isco v e red  th a t
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some s t a r s  em it s u b s ta n t ia l  in f r a r e d  r a d ia t io n .  G a lax ies  a lso  
a re  o f  i n t e r e s t  here s in c e , f o r  exam ple, g a la c t ic  c e n te rs  have been 
observed in  the  in f r a r e d  w hile a l l  v i s ib le  l i g h t  was e x tin g u ish ed  




Wavenim'ber i s  f re q u e n c y /v e lo c ity  o f  l i g h t ,  o r  wavenuniher i s  
A ^ in  u n i t s  o f  cm ^ .
Line s tre n g th  S a s  d e fin ed  "by eq u atio n  (? )  has th e  u n i t s  o f 
frequency  p e r  ah so rh er pa th  le n g th  o r sec ^(gm/cm^) ^ . When we 
use wavenumber r a th e r  than frequency , then  S has the  u n i t s  o f cm/gm.
Because h a lf-w id th  oc depends in v e rs e ly  on th e  mean m olecu lar 
c o l l i s io n  tim e, i t s  u n i t s  would be sec ^ . Again, u s in g  th e  wavenumber 
th e  u n i t s  o f  U a re  cm ^ .
P re c ip i ta b le  w ater u i s  the  amount o f  w ater co n ta in ed  in  a 
gaseous column o f u n i t  c ro s s  s e c tio n  and th e re fo re  has  th e  u n i t s  
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Blue M E le c t r ic  Company 
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Model MB-21
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Cheltenham, P ennsy lvan ia
7. C ooling U nit (0 .1 5  °C c o n tro l)
Model PCC-13A-3
Blue M E le c t r ic  Company 
Blue I s la n d , I l l i n o i s
8. P re ssu re  Gauges (Bourdon Tube ly p e ) (0.1% o f f u l l  sca le  accuracy) 
Model CM
H eise Bourdon Tube Company, Inc 
Newton, C onnec ticu t
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9. In f ra r e d  D e tec to r (HgCdTe)
Vacuum F lask  S ty le  520S 
Windows: IR tran  I I  
S anta B arbara Research C enter 
G o le ta , C a lifo rn ia
10. P re a m p lif ie r , Lock-in A m p lifier 
Model 213 Model 220 
P rin ce to n  A pplied R esearch C orpora tion  
P r in c e to n , New Je rse y
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